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a b s t r a c t 

According to the few researches on Nearly zero energy residential buildings (NZERB) in hot-summer and cold- 

winter zone, although it could reduce the cooling load of buildings due to its high thermal insulation and air 

tightness, it still needed for certain cooling in summer. This paper studied indoor environment of NZERB un- 

der three kinds of air-conditioners (split-type air-conditioner, multi-line air-conditioner and ceiling radiant air- 

conditioner). Firstly, a simulation model of NZERB was established based on Nanjing, a typical city in hot-summer 

and cold-winter zone. Secondly, variation of indoor air temperature and building load characteristics with outdoor 

air temperature were studied. Thirdly, indoor environment and energy consumption under three selected con- 

ventional air-conditioners in summer were simulated. Finally, the discussion was given, and an air-conditioner 

combining with convective and radiant cooling were proposed. The results indicated that the air-conditioner 

needed to be turned on in NZERB in hot-summer and cold-winter zone due to the room air temperature in off-air 

condition ranged from 32 °C to 36 °C, which was higher than designed indoor environment temperature in sum- 

mer, but the indoor environment of NZERB under three selected conventional air-conditioners could not meet the 

requirements of energy saving and comfort at the same time, and a proposed convective-radiant air-conditioner 

could be fast, stable, and energy saving. The findings can provide a reference for conducting active technology 

in NZERB. 

1. Introduction 

Nearly zero energy residential buildings (NZERB), due to its char- 

acteristics of ultra-low energy consumption and high thermal comfort, 

have attracted more and more attention [1] . Based on the development 

status of building energy conservation in China, the Nearly zero Energy 

Technical Standard was compiled [2] , according to which, the energy 

consumption in nearly zero energy buildings in hot-summer and cold- 

winter zone is more than 60%–75% lower than the Energy-saving Design 

Standards for Residential Buildings [3] . 

At present, the exploration and practice of NZERB in China mainly 

focused on that in the cold zone. To reduce energy consumption, passive 

energy saving technology was applied [4] . In previous studies, Ruizeng 

et al. [5] simulated the energy saving design standards of 65%, 75% 

and NZERB in Henan province in China, and concluded that compared 

to buildings with the 65% energy saving rate, NZERB achieved a 23% 

cooling energy saving rate and a 56.4% heat energy saving rate, re- 

spectively. Through load simulation of a NZERB in Shenyang, Huixing 

et al. [6] obtained that technology application in NZERB could save 

∗ Corresponding author. 
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73.7% of energy consumption in winter and 55.2% of the annual com- 

prehensive energy. Moreover, Cuicai et al. [7] implemented the first 

China-Germany technical cooperation office building in Hebei province, 

achieving an energy-saving rate as high as 90.5% compared with ordi- 

nary energy-saving buildings. Yu and Hui [8] simulated load variation in 

nearly zero energy office buildings in Shandong province, and concluded 

that the energy consumption in the buildings was only 60% of that of 

ordinary buildings. In addition, the engineering training center in Jilin 

university of architecture and technology adopted the advanced build- 

ing energy saving technology and renewable energy utilization technol- 

ogy to achieve energy consumption reduction of 469,144 kW 

•h com- 

pared with ordinary buildings, and saved energy from standard coal by 

168.89 t [9] . 

Compared to cold zone, hot-summer and cold-winter zones are large 

in area and densely populated [10] . It has obvious climate difference 

between winter and summer, that cannot meet thermal comfort re- 

quirements of the building all year round [11] . In addition, energy 

consumption in hot-summer and cold-winter zone is greater, so it is 

of great significance to study the NZERB in this zone [12] . However, 

at present, there were few studies on NZERB in hot-summer and cold- 
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winter zone, which mainly focused on determining appropriate enve- 

lope structure to reduce building energy consumption. In previous stud- 

ies, Dong [13] concluded that in hot-summer zone, with increase in 

thickness of exterior wall insulation materials, NZERB’s cooling energy 

consumption in summer increased, which was greater than the decrease 

in heating energy consumption in winter, leading to the increase in 

building energy consumption. Zhiqing and Weiping [14] concluded that 

compared with other ways of shading, the total energy consumption 

of indoor air conditioning with louvered panels was the least. Jianhua 

[15] realized to save 9.78 × 10 5 kW of cooling capacity by selecting 

appropriate glass curtain wall materials in Suntech research and devel- 

opment building in Wuxi. Huilai et al. [16] deprived building’s annual 

heating energy consumption savings with 4710.9 kW 

•h for air condi- 

tioning, with an energy saving rate of 46% through the renovation of 

external walls, roof insulation, doors and windows. Wenting [17] real- 

ized that the annual energy consumption of residential buildings was 

lower than that of reference buildings by adopting specific energy sav- 

ing for an actual residential project in Danyang City, Jiangsu Province. 

Mengxi [18] adopted passive energy saving and air conditioning sys- 

tem energy saving for Building of Hongqiao Yingjie Hotel in Shanghai, 

which could achieve the annual carbon emission target of no more than 

25 kgCO 2 /m 

2 . Yizhou et al. [19] made an NZERB in Hunan and the 

comprehensive energy saving rate could reach 76.3% by optimizing the 

envelope structure and energy-efficient equipment. Peng and Jingmin 

[20] obtained that the limit value of the optimal heat transfer coefficient 

of the exterior wall and roof of NZERB in hot-summer and cold-winter 

zone was 0.179 and 0.158 W/(m 

2 •K), respectively. Similarly, Yang and 

Yiqun [21] concluded that 0.15–0.17 W/(m 

2 •K) was the optimal heat 

transfer coefficient limit for the outer wall of NZERB in hot-summer 

and cold-winter zone. In addition, Zhengrong et al. [22] concluded that 

when the heat transfer coefficient of outer window was 2.0 W/(m 

2 •K), 

the heat transfer coefficient of outer wall and roof got 0.2 W/(m 

2 •K). 

Gang [23] simulated indoor environment of a NZERB in hot-summer 

and cold-winter zone using a semiconductor electro-thermal reactor air- 

conditioner. The results indicated that indoor air temperature could 

meet the requirements of heating in winter and cooling in summer. 

Above examples realized different building energy saving rates, it could 

be seen that the cooling load of NZERB in hot-summer and cold-winter 

zone was generally lower than that of conventional buildings, which 

raised the question of whether conventional air conditioning was suit- 

able for NZERB. 

As mentioned above, study on NZERB was mainly concentrated in 

cold zone at present. However, in hot-summer and cold-winter zone, 

there were some studies on building envelope structure and heat- 

ing/cooling load reduction. There had been a lack of attention on indoor 

environment of NZERB. Therefore, due to the advantage of lower heat- 

ing/cooling load compared with conventional buildings, it was neces- 

sary to study indoor environment of NZERB equipped with conventional 

air-conditioners. To solve the above problems, this paper established a 

NZERB model of Nanjing, a typical city in hot-summer and cold-winter 

zone in China. Variation of indoor air temperature and load character- 

istics of NZERB under off-air condition as well as indoor environment 

and load characteristics of three conventional air-conditioners were sim- 

ulated and analyzed. Then, based on the simulation results, a hypothesis 

of convective-radiant air-conditioner was discussed, and the preliminary 

simulation results were given. 

2. Modeling of NZERB 

Energy Plus was applied to explore indoor environment and load 

characteristics of NZERB in hot-summer and cold-winter zone. A sim- 

ulation model of NZERB in Nanjing, a typical city in hot-summer and 

cold-winter zone was established based on Nearly zero Energy Technical 

Standard [2] . 

Table 1 

Window-wall ratio in each orientation of the room. 

Orientation East West South North 

Window-wall ratio 0 0 0.29 0.17 

Table 2 

Floor area of each room (m 

2 ). 

Room type Household A (left) Household B (right) 

Living room 25.59 25.59 

Master bedroom (with bathroom) 16.20 16.20 

Secondary bedroom Ⅰ 14.62 14.62 

Secondary bedroom Ⅱ 11.47 11.47 

Toilet 4.76 4.76 

The restaurant 6.70 6.70 

Kitchen 5.43 5.43 

Building area 89.46 89.46 

2.1. Geometric model of residential building 

the building was established according to the Nearly zero Energy 

Technical Standard and the Energy-saving Design Standards for Residen- 

tial Buildings in Hot-Summer and Cold-Winter zone. Parameters such as 

envelope construction, equipment power density and fresh air volume 

of each room, etc. were determined according to the limits of Nearly 

zero Energy Technical Standard. For the window-wall ratio of build- 

ings not mentioned in the Nearly zero Energy Technical Standard, the 

limit value is determined according to the Energy-saving Design Stan- 

dards for Residential Buildings in Hot-Summer and Cold-Winter zone. 

The layout of the rooms was based on Fengshang International Apart- 

ment, a nearly zero energy demonstration apartment in Nanjing, China. 

Thus, a 6-story and 3 m high residential buildings with two families and 

one ladder, with a per capita living area of 30 m 

2 and a total construc- 

tion area of 1240 m 

2 was established in this model. Building structure 

was a frame shear wall structured with cast-in-situ concrete floor, which 

was the housing type of a typical family. Layout of standard residential 

buildings is shown in Fig. 1 . The window-wall ratio in each orientation 

and area of each room are shown in Tables 1 and 2 , respectively. Sketch 

Up with Open Studio was used as plug-in to build the geometric model 

of residential buildings, as shown in Fig. 2 . 

2.2. Main parameter setting 

Parameter settings are shown in Table 3 . 

At present, split-type air-conditioners were mainly intermittent oper- 

ation and continuous operation according to the actual situation. These 

four patterns were simulated, among which three intermittent time pat- 

terns were set for intermittent operation. Both multi-line and ceiling ra- 

diant air-conditioners were considered for commonly used operations. 

Detailed descriptions of air-conditioner patterns are shown in Table 4 . 

3. Load characteristics 

Based on the basic model established in Chapter 2, the NZERB was 

simulated for off-air conditioning conditions, and the indoor air temper- 

ature and load in a week from July 18 to July 24 (the peak of outdoor 

temperature) in summer were obtained respectively. Shading was usu- 

ally considered in summer. The angle was set to 45° with opening period 

of shading from 8 a.m. to 4 p.m. Considering that indoor air tempera- 

ture was relatively higher than that of outdoor in summer, heat recovery 

device was turned off and fresh air was directly sent into the room. 

West door of the standard floor was taken as an example to study 

variation of indoor air temperature, as shown in Fig. 3 . 

The indoor environment was analyzed based on west door of the 

standard floor. Fig. 3 shows the variation of indoor air temperature with- 

out cooling from July 18 to July 24, respectively. 
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Fig. 1. Standard floor plan of residential building. 

Fig. 2. Geometric model of residential build- 

ing. 

Table 3 

Indoor and outdoor parameters. 

Parameters Data setup Reference 

Outdoor temperature Winter − 4.8 °C [24] 

Summer 35.1 °C 

Indoor temperature Winter 18 °C [25] 

Summer 26 °C 

Enclosure structure Select by reference [2] 

Indoor heat disturbance Select by reference [2] 

Ventilation model Air change rates of 0.3 [2] 

Shading arrangement Sun shading from 8:00 am to 4:00 p.m. in summer, louver opening 

angle of 45°

[2] 

Load simulation Air supply temperature was 18 °C in summer and 30 °C in winter. 

Running time of the specified software was from January 1st to 

December 31st 

It is demonstrated that outdoor air temperature began to rise from 

26.3 °C at 12 p.m. on July 18, then reached the highest value of 35.4 °C 

after 15 h. Indoor air temperature increased from 32.6 °C to the highest 

value after 21 h. During whole process, the highest outdoor air temper- 

ature was 36.8 °C after 64 h, with the lowest was 25.0 °C after 127 h. 

The highest indoor air temperature was 35.7 °C after 69 h, and the low- 

est of 32.5 °C after 5 h. Due to the temperature delay effect of envelope 

structure, peak value of indoor air temperature arrived about 3 h to 

5 h later than that of outdoors in general. Thus, it could be seen that 

although shading and direct fresh air were considered, variation of in- 

door air temperature in NZERB in hot-summer and cold-winter zone was 

greatly affected by outdoor air temperature. It appeared that indoor air 
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Table 4 

Patterns of the air-conditioners. 

Split-type air-conditioners Type Bedroom Living room 

Pattern 1 8 p.m. to 7 a.m. next day 6 p.m. to 11 p.m. 

Pattern 2 8 p.m. to 7 a.m. next day; Open for 2 h, closed for 1 h 6 p.m. to 11 p.m.; Open for 3 h, closed for 30 min 

Pattern 3 8 p.m. to 7 a.m. next day; Open for 1 h, closed for 30 min ______ 

Pattern 4 8 p.m. to 7 a.m. next day; Open for 30 min, closed for 10 min ______ 

Multi – line air-conditioners / 8 p.m. to 7 a.m. next day 6 p.m. to 11 p.m. 

Ceiling radiant air-conditioners / 8 p.m. to 7 a.m. next day 6 p.m. to 11 p.m. 

Fig. 3. Variation of air temperature in summer. 

Fig. 4. Hourly load on July 21 (with fresh air heat recovery). 

temperature still maintained at a high level from 32.5 °C to 35.7 °C. Op- 

eration of air-conditioner was needed to reduce indoor air temperature. 

Moreover, higher room air temperature would cause increase of energy 

consumption of air-conditioner in summer. Therefore, this study also 

simulated the variation of cooling load. 

Total load of NZERB in summer was mainly for removing all kinds of 

heat gain and fresh air load. As mentioned above, hourly cooling load 

and fresh air load of the west door in the standard floor were simu- 

lated. Shading and fresh air were also included for the whole day on 

July 21, as shown in Fig. 4 . There was no fresh air load from 8 a.m. to 8 

p.m. due to the unoccupied in bedroom. During rest of the period, fresh 

air load increased dramatically due to the occupied, which fluctuated 

within the range from 24 W/m 

2 to 32 W/m 

2 . At 9 p.m., the propor- 

tion of fresh air load reached the highest of 54.4%, which accounted for 

more than 50% of the total load during 9 p.m. to 7 a.m. Hourly cooling 

load fluctuated within the range from 15 W/m 

2 to 34 W/m 

2 , reaching 

the highest of 56.4% at 7 a.m. and more than 40% of the total load 

during the 9 p.m. to 7 a.m. Thus, it could be seen that fresh air load 

was prominent in the cooling load. In addition, the cooling index per 

unit area and total cooling load of the west door was 34.0 W/m 

2 and 

2337 W, respectively. Cooling capacity of the conventional one-piece 

household air-conditioner was merely 2300 W. It can be obtained that 

room equipped with fresh air recovery system could require a 20% of 

reduction in cooling load, which was less than the minimum cooling 

provided by conventional air-conditioner, leading to the possibility of 

wasted cooling or uncomfortable indoor conditions. Therefore, it was 

necessary to study the indoor environment and load characteristics un- 

der conventional air-conditioners. 

4. Change of indoor environment under conventional 

air-conditioners 

Fresh air load of NZERB in hot-summer and cold-winter zone ac- 

counted for a large proportion of the total. Meanwhile, cooling load 

in summer was significantly lower than that of conventional buildings 

according to the simulation result in chapter 3. So, it could not be 

suitable under conventional air-conditioners. Thus, variation of indoor 

air temperature and load characteristics of three kinds of conventional 

air-conditioners (split-type air-conditioner, multi-line air-conditioner 

and ceiling radiant air-conditioner) was simulated. These were com- 

monly equipped in ordinary families. Operating patterns of various air- 

conditioners are listed in Table 4 . 

4.1. Indoor environment under split-type air-conditioners 

Cooling capacity of the split-type air-conditioners was set as 2300 W. 

The split-type air-conditioner was implemented to the master bedroom, 

secondary living 1 and secondary lying 2, respectively. Fresh air was 

directly sent with 30 m 

3 /h per capita into each room with heat recovery 

device. 

The intermittent operation patterns were realized by means of artifi- 

cial control of air-conditioner. The indoor environment under split-type 

air-conditioners with different patterns were analyzed based on master 

bedroom in east of the standard floor. Fig. 5 shows the variation of in- 

door air temperature from 8 p.m. on July 20 to 8 a.m. on July 21 under 

four patterns of air-conditioner. 

Pattern 1 was the continuous operation mode. Air temperature 

rapidly decreased to 26.0 °C after operation in 40 min. Subsequently, 

due to frequency conversion of the compressor, air temperature re- 

mained stable. After the air-conditioner was turned off at 7 a.m. the 

next day, air temperature rapidly increased to 30.5 °C after 40 min. 

There was periodic temperature fluctuation in intermittent opera- 

tion pattern 2 which run the air-conditioner for 2 h and shut it off for 

1 h. When the air-conditioner was turned on, temperature dropped to 

26.2 °C within 40 min, which was the same as pattern 1. After running 

for 2 h, the air temperature increased rapidly to 29.6 °C in 10 min when 

turned off the air-conditioner. After 40 min, the room air temperature 

stayed at around 32.3 °C due to the indoor and outdoor heat transfer 
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Fig. 5. Variation of indoor air temperature in master bed- 

room of four patterns. 

reached stability. It could be seen that in pattern 2, the indoor air tem- 

perature increased rapidly after the air-conditioner stopped running. At 

that time, indoor thermal environment could not be maintained for a 

long time due to long downtime of the air-conditioner. 

There was large temperature fluctuation in intermittent operation 

pattern 3 which run the air-conditioner for 1 h and shut it off for 30 min. 

When the air-conditioner was turned on, the air temperature dropped 

to 26.0 °C within 30 min, and the air temperature increased rapidly to 

33.0 °C within 30 min when turned off the air-conditioner at 9 p.m. 

When the air-conditioner was turned on again at 9:30 p.m., the room 

air temperature was reduced to 26 °C in a short time. 

There was higher frequency of application of air-conditioner in in- 

termittent operation pattern 4 which run the air-conditioner for 30 min 

and shut it off for 10 min. Similarly, when the air-conditioner was turned 

on, the air temperature dropped to 26.1 °C within 30 min, and the air 

temperature increased rapidly to 33.0 °C. It could be seen that in pat- 

tern 4, the air temperature had slighter increases than that of pattern 3 

due to due to shorter downtime of the air-conditioner. With the continu- 

ous on and off of the air-conditioner, the peak air temperature has been 

reduced. However, the room air temperature was still raised to about 

29.5 °C after 10 min of downtime. 

As could be seen from the above, the split-type air-conditioner would 

be on for about 30–40 min to obtain stable temperature. And the room 

air temperature rose rapidly to 29 °C after the air-conditioner was shut 

down for 10 min. At this time, the air-conditioner needed to be turned on 

again to reduce the room air temperature. It could be seen that the split- 

type air-conditioner needed to be frequent start and stop to decrease 

temperature. 

Similarly, variation of cooling capacity with different patterns were 

analyzed based on master bedroom in east of the standard floor. Fig. 6 

shows the results from 8 p.m. on July 20 to 8 a.m. on July 21 with 

air-conditioner pattern 1 to 4, respectively. 

As shown in Fig. 6 , in pattern 1 of continuous operation, when the 

air-conditioner was just started, the cooling capacity was the largest due 

to the accumulation of heat in the room during the daytime intervals. 

With the decrease of room air temperature, the cooling capacity gradu- 

ally decreased. The cooling capacity was basically stable at 1300 W to 

1400 W after the air-conditioner was turned on for 120 min. 

In pattern 2 of intermittent operation, when the air-conditioner was 

just started, the cooling capacity was the largest. With the heat transfer 

process, the room air temperature gradually decreased and the cooling 

capacity was reduced by the frequency conversion of the compressor. 

The cooling capacity went to 0 W when the air-conditioner was closed. 

The reason why the cooling capacity of pattern 2 at the beginning of the 

air-conditioner was slightly larger than that of mode 1, and the cooling 

capacity decreased more slowly was that the pattern 2 increased the 

cooling load during the interval. 

There was higher frequency of application of air-conditioner in in- 

termittent operation pattern 3 and 4 due to the more fluctuating cool- 

ing capacity. In pattern 3, the cooling capacity was 2700 W when the 

air-conditioner was just started at 8 p.m. With the operation of the 

air-conditioner, the cooling capacity decreased and reached 0 W when 

the air-conditioner was off. In pattern 4 with frequently on and off of 

the air-conditioner, the cooling capacity reached a peak when the air- 

conditioner was turned on each time, and the peak value gradually de- 

creased. The peak cooling capacity of pattern 4 was lower than that of 

pattern 3 due to the shorter closing time of the air-conditioner in pat- 

tern 4. Compared with pattern 3, the cooling load generated during the 

downtime of the air-conditioner was smaller, so the cooling capacity 

was reduced when the air-conditioner was turned on. 

4.2. Indoor environment under multi-line air-conditioners 

Set the rated cooling capacity of the indoor unit to 2200 W, and the 

minimum rated cooling capacity of the outdoor unit to 22.4 kW. Indoor 

cooling units were added to the master bedroom, second bedroom Ⅰ , sec- 

ond bedroom Ⅱ and living room, respectively. 

The indoor environment under multi-line air-conditioner were ana- 

lyzed based on east door of the standard floor. Fig. 7 shows the variation 

of indoor air temperature from 6 p.m. on July 20 to 8 a.m. on July 21. 

As could be seen from Fig. 7 , the air temperature in living room de- 

creased rapidly from 32.2 °C to 28 °C within 1 h, then the air temperature 

degradation rate gradually reduced. Temperature reached 26.0 °C and 

was stable after 5 h. When the air-conditioner was off, the air tempera- 

ture increased rapidly. At night, the air temperature stabilized at about 

31.0 °C and increased to about 32.2 °C the next day at 8 a.m. When the 

air-conditioner was open at 8 p.m., the temperature dropped rapidly to 

26.1 °C within 2 h. And the temperature increased rapidly when air- 

conditioner was turned off at 7 a.m. the next day. Similarly, variation 
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Fig. 6. Variation of cooling capacity in master bedroom 

of four patterns. 

Fig. 7. Temperature variation in air-conditioned room. 

of cooling capacity in each room of the multi-line air-conditioner was 

obtained. 

As shown in Fig. 8 , variation of cooling capacity in operation of 

the multi-line air-conditioner was consistent with that of the split- 

type air-conditioner mentioned above. The cooling capacity of each 

room was the largest when the air-conditioner was just started. The 

air-conditioner of living room needed to start with maximum power 

due to the air-conditioner had a longer intermittent period and indoor 

stored a lot of heat. The cooling capacity and consumption of electricity 

of bedroom decreased gradually with the operation of air-conditioner, 

and reached stability. Among them, the cooling capacity of the air- 

conditioner in master bedroom and the secondary bedroom Ⅰ was stable 

at about 1500 W, and the cooling capacity of the air-conditioner in the 

secondary bedroom Ⅱ was stable at about 1100 W. The master bedroom 

and the secondary bedroom Ⅰ were southward room which accumulated 

more heat indoors than the secondary bedroom Ⅱ during the day, result- 

ing in a larger cooling load. 

Fig. 9 shows the variation of the total cooling capacity and power 

consumption of the system. From 5 p.m. to 8 p.m., only the air- 

conditioner in living room was turned on. Therefore, the total cooling 

capacity of the system was the cooling capacity of the indoor unit in the 

living room. The power consumption of the system was about 1100 W, 

134 



J. Dong, H. Lan, Y. Liu et al. Energy and Built Environment 3 (2022) 129–138 

Fig. 8. Variation of cooling capacity of each 

room in East door. 

Fig. 9. Total cooling capacity and power consumption of 

the system. 

and the performance coefficient of the system is only 2.5. When the air- 

conditioner in each bedroom was turned on, the cooling capacity of the 

system was greatly improved. From 8 p.m. to 9 p.m., the cooling capac- 

ity reached the maximum value of 8619 W, and the power consumption 

of the system was 2300 W, and the performance coefficient of the sys- 

tem reached the maximum value of 3.7. When the air-conditioner in 

the living room was turn off at 11 p.m., the total cooling capacity was 

greatly reduced, and reached stable at 3500 W to 4100 W. The power 

consumption of the system was basically stable at 1200 W to 1500 W. 

The performance coefficient of the system was about 2.8. 

4.3. Indoor environment under ceiling radiant air-conditioners 

The indoor environment under ceiling radiant air-conditioners were 

analyzed based on the master bedroom in the east door of the standard 

floor. Fig. 10 shows the variation of indoor air temperature and radiant 

plate surface (inner surface of the ceiling) temperature from 8 p.m. on 

July 20 to 8 a.m. on July 21. 

As could be seen from Fig. 10 , when the radiation terminal was 

opened, the room air temperature decreased the fastest from 28.9 °C 

to 27.2 °C within 1 h. Subsequently, the decline rate of room air tem- 

perature gradually slowed down until the room air temperature drops to 

26.3 °C at 11:20 p.m. With the increase of the personnel in the room rate, 

the indoor heat gain increased, and the room air temperature slightly 

increased from 00 a.m. to 00:20 a.m. Then the system remained stable, 

and the room air temperature slowly decreased at a rate of 0.2 °C/h. The 

radiation terminal was closed at 7:00 a.m. the next day, and the room 

air temperature was increased. However, the temperature rise rate was 

relatively slow due to the wall’s storage of part of the cooling capacity, 

until the master bedroom temperature rose to about 29 °C at 8 p.m. It 
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Fig. 10. Variation of air temperature and radiant plate 

surface temperature of master bedroom. 

Fig. 11. Variation of cooling capacity of radiant terminal 

in master bedroom. 

could be seen that the room air temperature response speed of the radi- 

ation terminal was slow, and the room air temperature could not meet 

the requirements of the indoor thermal environment in the early stage 

of system opening. 

Setting the flow rate at the radiant terminal of the master bedroom 

in the east door of the standard floor to be 0.11 kg/s. Fig. 11 shows the 

cooling capacity of the radiant terminal from 9 p.m. on July 20 to 7 a.m. 

on July 21. 

As could be seen from Fig. 11 , the inlet water temperature at the 

radiation terminal was maintained at about 15 °C. When the system 

was started, the maximum cooling capacity reached 2760 W. When the 

water flow of the system was unchanged, the room air temperature 

gradually decreased with the opening of the air-conditioner, and the 

indoor cooling load decreased. The system automatically reduced the 

temperature difference between the inlet and outlet water temperature 

to meet the demand of indoor load, so the cooling capacity gradually 

decreased. 

From the above analysis, it could be seen that the indoor air tem- 

perature response was slow when applied the ceiling radiation air- 

conditioner. It also showed that merely application of radiation terminal 

neither could respond quickly at room air temperature, nor could meet 

indoor environment demand. 

5. Discussion 

From above analysis, the indoor air temperature under off-air con- 

dition in summer was in the range of 32 °C to 36 °C due to the good 

insulation performance of NZERB’s envelope structure in hot-summer 

and cold-winter zone, so it was necessary to turn on the air-conditioner. 

Moreover, the simulation result of the load characteristics of NZERB 
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Fig. 12. Change of indoor environment under 

convective-radiant air-conditioner operation. 

under off-air condition in summer showed that the load of NZERB was 

lower than the minimum cooling capacity provided by a conventional 

air-conditioner, so the indoor environment under three kinds of conven- 

tional air-conditioner were further explored. 

Split-type air-conditioners owned the advantage of quickly cooling 

down, but air-conditioners needed to be switched on and off frequently 

to maintain the indoor air temperature resulting higher power consume. 

Multi - line air-conditioners also had the advantage of rapidly reducing 

the room air temperature, but it had the problems of lower system op- 

erating load rate and higher terminal investment. Ceiling radiant air- 

conditioners owned the advantage of keeping the room air tempera- 

ture stable, but the cooling speed of the system was slow which could 

not meet the requirements of indoor thermal environment in the early 

stage of operation. Therefore, it was necessary to combine the advan- 

tages of different traditional air-conditioners to put forward a form of 

air-conditioner suitable for NZERB in hot-summer and cold-winter zone. 

Consider a convective-radiant air-conditioner to be both the rapid 

cooling of the convection terminal and the stability of the radiation ter- 

minal, a new air-conditioner form in which the convective part was used 

as a pre-cooling device and the radiation part was as a stable room tem- 

perature device was carried out. With the advantages of both convection 

and radiation, this air-conditioner could create a comfortable indoor en- 

vironment and reduce energy consumption. Setting air-conditioner in 

bedroom running from 20:00 to the next day 07:00, and running from 

18:00 to 23:00 in the living room. The preliminary simulation results 

of the operation of convective-radiant air-conditioner were given. As 

shown in Fig. 12 , the variation of mean indoor air temperature, mean 

radiation temperature and mean operating temperature of the master 

bedroom under the convective-radiant air-conditioner were presented. 

Fig. 12 shows that when turning on the convective-radiant air- 

conditioner, the room air temperature would drop rapidly from 28.9 °C 

to 26.0 °C within 20 min because the convection terminal acted directly 

on indoor air and fluctuated slightly with the change of person in the 

room. However, due to the continuous operation of convection terminal, 

the room air temperature did not exceed 26.0 °C. After 24:00, the room 

air temperature decreased gradually and under the influence of the ra- 

diation terminal. At 06:00, the room air temperature reached 25.6 °C, 

and then increased by 0.2 °C under the influence of outdoor air temper- 

ature. Person in the room was 0 at 07:00, so the room air temperature 

has a decrease of 0.15 °C. The system then was shut down and the room 

air temperature slowly rose. The mean radiation temperature decreased 

gradually during air conditioner operation, from 27.3 °C to 25.1 °C. After 

the system was shut down, the radiation temperature increased rapidly. 

In addition, the mean operating temperature decreased gradually and 

the decreasing rate decreased gradually when the convective-radiant 

air-conditioner run continuously. It could be seen that the convective- 

radiant air-conditioner will be more suitable for NZERB which could 

rapidly maintain the room air temperature at 26 °C after opening. 

6. Conclusion 

This paper was to study the indoor environment and load characteris- 

tics in NZERB in hot-summer and cold-winter zone. Typical city of Nan- 

jing was chosen as an example with Energy Plus simulation software, 

and different air-conditioners as well as different operation patterns 

were selected to simulate the indoor environment and energy consump- 

tion of the system, and a proposed convective-radiant air-conditioner 

was studied. The main conclusions are as follows: 

(1) The indoor air temperature of NZERB in hot-summer and cold-winter 

zone was in the range of 32 °C–36 °C in summer, much higher the 

indoor designed air temperature of 26 °C. The cooling load index of 

NZERB in hot-summer and cold-winter zone was 34 W/m 

2 , among 

which the fresh air load was prominent. After the implementation 

of heat recovery, the total load reduced by 20% was lower than the 

minimum cooling capacity provided by conventional air condition- 

ing. 

(2) Split-type air-conditioners in NZERB could maintain the room air 

temperature at 26 °C, but the compressor load rate was lower than 

0.6 for over 90% of the time. Multi - line air-conditioners could fast 

cool the room air, but the system was in the low-load operation mode 

of 0.25 for a long time. Ceiling radiant air-conditioners could not 

meet the indoor environmental requirements at the beginning of the 

system and the cooling capacity of the short-term operating system 

was too large. 
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(3) The air-conditioner combined with convective and radiant part 

could rapidly reduce the room air temperature to 26 °C, while the 

delay effect of radiation terminals made the rise rate of room air 

temperature relatively slow. It could achieve the purpose of rapid 

cooling, temperature maintenance and energy saving by adjusting 

the shutdown time of the radiation terminal. 
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a b s t r a c t 

Renewable energy has become an important choice to solve the energy crisis and environmental problems. A 

sustainable development needs policies and strategies policies, which can improve energy efficiency and reduce 

greenhouse gas emissions. By collecting the research results released by relevant statistical departments and 

authoritative institutions, this paper summarizes the international energy development situation, systematically 

combs the energy development situation of the European Union, United States, Australia, India, Brazil. The 

development trend of wind, solar, biomass, geothermal, ocean, and hydrogen energy have been analyzed. In 

addition, this paper proposes that China should draw up its own development path of renewable energy from 

international development experience, and actively explore renewable energy policies and strategies adapted to 

different stages of development. 

1. Introduction 

The current world faces dual challenges to satisfy the growing energy 

demand and to reduce greenhouse gas emissions and improve energy 

efficiency [1 , 2] . Renewable Energy is effective way to cope with this 

dilemma, using energy as efficiently as possible to reduce greenhouse 

gas emission. And it also plays an important role in ensuring energy 

security, improving environmental protection, and increasing employ- 

ment in various countries. Many countries regard renewable energy as 

the strategic commanding height of a new generation of energy tech- 

nology, and made high targets for renewable energy as part of their 

policies [3 , 4] . With the development of national policies and the ma- 

turity of renewable energy technologies, the experience of low-carbon 

development is very important [5] . 

At present, the international energy situation is in a stage of new 

changes and adjustments [6 , 7] . The basic trend of the global energy 

transition is to realize the transition of the fossil energy system into a 

low-carbon energy system, and finally enter the era of sustainable en- 

ergy mainly based on renewable energy [8] . Therefore, many studies 

have analyzed the development of renewable energy. Pazheri et al. as- 

sessed the renewable energy scenario and discussed the latest develop- 

ment in reducing the cost of renewable energy [9] . Zhang et al. analyzed 

China’s energy structure and the development of renewable energy, and 

put forward corresponding countermeasures and Suggestions [10] . The 

ways to reduce carbon emissions should require increasing the capac- 

∗ Corresponding author: Yingru Zhao. 

E-mail address: yrzhao@xmu.edu.cn (Y. Zhao). 

ity of renewable energy technologies, increasing the share of electric- 

ity in energy consumption and increasing efficiency. Wang et al. pre- 

dicted China’s sustainable energy development scenario and analyzed 

energy-saving policies [11] . Although there are a number of studies an- 

alyzed the development of renewable energy, little work has analyzed 

the development trend of renewable energy in various countries based 

on the research results released by relevant statistical departments and 

authoritative institutions. Meanwhile, most of the statistical data files 

and official government documents have their own characteristics, such 

as different research questions, different definitions of the same term. 

In addition, these may have missing data or incomplete statistics, there- 

fore, it is necessary to conduct a complete and systematic analysis of 

international renewable energy through the research results released of 

authoritative institutions. 

Whether China can better cope with energy issues in the coming 

decades depends largely on the sensitivity to international renewable 

energy development and its ability to adjust energy development. Hill- 

ring, Graham and Martine et al. proposed that the government should 

promote renewable energy development by encouraging statistical re- 

search, introducing administrative policies, perfecting incentive mech- 

anisms, etc. [12-14] . China’s path to a low-carbon economy is in line 

with the current requirements of sustainable economic and social devel- 

opment. A deep understanding of international and domestic policies, 

legal systems and market mechanisms is very helpful to actively respond 

to energy issues, establish the best renewable energy production and 
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Fig. 1. Changes in global primary energy con- 

sumption [15] . 

consumption patterns, and finally achieve a leap from the high carbon 

era to the low carbon one. Many people have conducted research on 

the development of renewable energy, but few have been able to comb 

through so many data files to present detailed analysis results and pro- 

pose policy paths for China’s renewable energy development. This paper 

focuses on the current international renewable energy development and 

the development of various renewable energy technologies, and aims to 

comprehensively summarize the research results released by authori- 

tative institutions to analyze the development of different renewable 

energy industries and energy transitions. Based on the research results, 

this paper conducts an in-depth study of the international renewable 

energy development and suggests the renewable energy development 

policy path of China. 

2. Methodology 

For comprehensive data research, data acquisition is an important 

step, and the databases need to be carefully selected. International Re- 

newable Energy Agency (IRENA), BP Amoco, Eurostat, Global Wind En- 

ergy Council (GWEC), International Energy Agency (IEA), Bloomberg 

New Energy Finance (BNEF) and relevant statistical departments and 

authoritative institutions are selected as the data sources in this study, 

because the data sources are professionally devoted to the field. Acces- 

sible on the official website of the relevant statistical departments and 

authoritative institutions, which provide search functions to official doc- 

uments and meet the need of a large amount of raw data in this study. 

The keywords to search for influential official documents included 

“renewable energy ”, “energy policy ”, “global energy transition ”, “pri- 

mary energy consumption ”, “renewable energy consumption ”, “green- 

house gas emissions ”, “fossil energy production ”, “fossil energy con- 

sumption ” and related items. The publications of relevant statistical de- 

partments and authoritative institutions publications that developed the 

statistics of greenhouse gas emissions, the changes of primary energy 

consumption, the practice of global energy transition, the statistics of 

renewable energy, and other statistics are considered strongly related 

with the focuses of this paper. 

3. International energy development situation and energy 

transition practice 

3.1. Global energy situation 

Global energy consumption has continued to grow. According 

to the statistics released by BP ( Fig. 1 ), since 2009, the total global 

primary energy consumption has continued to increase with a cumu- 

lative increase of 15.10% in 10 years. The growth rate of consumption 

in 2017 has been increasing for two consecutive years, reaching the 

largest growth rate since 2013, which was higher than the average an- 

nual growth rate over the past decade [15] . 

Fossil energy still dominates. In 2019, fossil energy consumption 

accounted for 84.32%. Long-term stable growth of fossil energy con- 

sumption has accumulated growth of 16.90% over the past ten years, 

but the proportion of global primary energy consumption has declined 

year by year since 2011, reached its lowest level in the past 10 years 

[15] . 

Overall coal consumption has continued to decline. Global coal 

consumption in 2017 increased by 10.07% compared with 2016, but 

the overall trend was still declining, and the annual growth rate only 

accounted for about 1/3 of the primary energy consumption growth 

rate. Coal consumption accounted for 27.62%, which has been declining 

since 2011 and was the lowest since 2004 [15] . 

The proportion of oil consumption in primary energy consump- 

tion has been stable with a slight decline. As the largest primary 

energy consumption in the world, oil consumption continued to grow, 

while its share has basically remained stable in the past few years. The 

annual growth rate of oil consumption in 2019 was only 0.83%, which 

was consistently lower than the level of primary energy growth. The 

proportion of oil consumption increased in 2017 was significantly lower 

than the total, showing a slow decline [15] . 

Natural gas consumption has been growing. Affected by clean en- 

ergy policies, natural gas consumption has continued to grow strongly 

since 2009. Natural gas consumption accounted for 13.14% in 2019 with 

strong growth for three consecutive years, and reached the highest in ten 

years. The growth rate of natural gas consumption in 2017 was about 

1.4 times higher than the annual growth rate of primary energy con- 

sumption. Although it has slowed slightly compared to 2016, it was still 

higher than the average growth rate of the past ten years [15] . 

Nuclear energy consumption has grown slowly. Affected by nu- 

clear safety concerns, total global nuclear power consumption has de- 

creased since 2006, and has rebounded slightly in recent years but has 

grown slowly. Nuclear power consumption in 2017 was still lower than 

that in 2007, compared with 2016, it only increased by 0.22 EJ, and the 

growth rate was only 0.87%. The power generation of nuclear energy 

is closely related to policy. Nuclear energy consumption decreased in 

2018, but it has rebounded in 2019. Global nuclear power consumption 

accounted for 4.41%, falling for two consecutive years and lower than 

the level 10 years ago [15] . 

Renewable energy consumption has continued to grow 

strongly. In 2017, the global renewable energy power consumption 

grew at an annual rate of 5.62%, which was 2.95 times higher than the 

annual growth rate of primary energy consumption. Among them, the 

growth of hydropower was relatively slow, with a growth rate of only 
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Table 1 

. The entire energy structure scenarios in different regions [15] . 

EJ 2018 2019 

Oil Natural Gas Coal Renewables Oil Natural Gas Coal Renewables 

Canada 4.59 4.26 0.65 4.85 4.50 4.33 0.56 4.82 

Mexico 3.48 3.15 0.57 0.63 3.29 3.26 0.51 0.66 

US 37.11 29.52 13.28 15.70 36.99 30.48 11.34 15.84 

Argentina 1.20 1.75 0.05 0.53 1.19 1.71 0.02 0.54 

Brazil 4.69 1.29 0.70 5.45 4.73 1.29 0.66 5.73 

Chile 0.75 0.23 0.31 0.37 0.76 0.23 0.28 0.38 

Peru 0.50 0.29 0.03 0.32 0.51 0.30 0.02 0.33 

Austria 0.54 0.31 0.12 0.47 0.55 0.32 0.13 0.51 

Belgium 1.42 0.61 0.13 0.43 1.38 0.63 0.13 0.58 

Finland 0.41 0.08 0.18 0.36 0.39 0.07 0.15 0.37 

France 3.17 1.54 0.35 0.49 3.15 1.56 0.27 0.49 

Germany 4.63 3.09 2.90 4.81 4.68 3.19 2.30 4.70 

Greece 0.65 0.17 0.19 2.81 0.68 0.19 0.14 2.97 

Hungary 0.37 0.35 0.09 0.15 0.37 0.35 0.08 0.15 

Italy 2.60 2.49 0.37 0.18 2.49 2.55 0.30 0.19 

Netherlands 1.68 1.27 0.34 1.07 1.65 1.33 0.27 1.04 

Norway 0.41 0.16 0.03 0.23 0.39 0.16 0.03 0.26 

Poland 1.33 0.72 2.08 1.30 1.34 0.73 1.91 1.19 

Portugal 0.48 0.21 0.11 0.25 0.51 0.22 0.06 0.29 

Romania 0.43 0.42 0.21 0.27 0.45 0.39 0.19 0.26 

Spain 2.72 1.13 0.46 0.35 2.72 1.30 0.21 0.33 

Sweden 0.56 0.04 0.08 1.51 0.57 0.04 0.08 1.49 

Switzerland 0.43 0.12 ˆ 1.49 0.44 0.12 ˆ 1.54 

Turkey 2.00 1.70 1.71 0.57 2.03 1.56 1.70 0.56 

Ukraine 0.41 1.10 1.15 0.88 0.44 1.02 1.10 1.21 

United Kingdom 3.17 2.85 0.32 0.87 3.11 2.84 0.26 0.85 

Belarus 0.31 0.70 0.04 1.62 0.32 0.69 0.04 1.63 

Russian Federation 6.50 16.36 3.63 0.01 6.57 16.00 3.63 0.01 

Iran 3.54 8.07 0.06 3.55 3.92 8.05 0.05 3.61 

South Africa 1.16 0.16 3.76 0.17 1.18 0.15 3.81 0.32 

Australia 2.16 1.49 1.84 0.22 2.14 1.93 1.78 0.25 

China 26.58 10.19 79.83 0.50 27.91 11.06 81.67 0.55 

India 9.95 2.09 18.56 19.17 10.24 2.15 18.62 21.05 

Japan 7.63 4.17 4.99 2.70 7.53 3.89 4.91 3.05 

New Zealand 0.36 0.16 0.05 2.05 0.36 0.17 0.06 2.34 

Pakistan 1.02 1.57 0.50 0.33 0.90 1.64 0.55 0.32 

Philippines 0.89 0.15 0.68 0.39 0.91 0.15 0.73 0.46 

Singapore 3.13 0.44 0.02 0.23 3.06 0.46 0.03 0.24 

South Korea 5.37 2.08 3.63 0.01 5.30 2.01 3.44 0.01 

Thailand 2.68 1.80 0.80 1.47 2.72 1.83 0.71 1.62 

Vietnam 1.02 0.35 1.59 0.31 1.07 0.35 2.07 0.35 

0.56%. The growth rate of other renewable energy sources was as high 

as 16.64%, which was about 11 times higher than the annual growth 

rate of fossil energy consumption, showing a strong growth trend. In 

2017, the total global renewable energy consumption was 58.84 EJ. The 

increase was slightly lower than in 2016 but still above the 10-year av- 

erage, and the total increase in the 10-year was about 62.98%. The share 

of renewable energy consumption has increased steadily, which has an 

increase of 41.59% from a decade ago [15] . 

The entire energy structure varies from country to country. As 

shown in Table 1 , The global energy structure shows a trend of more 

primary energy and less renewable energy, but renewable energy as a 

whole shows a growing trend. And renewable energy in the table in- 

cludes wind, solar, biomass, geothermal, hydrogen energy and other 

sources of renewable energy. China’s renewable energy still has a lot of 

room for growth. China’s renewable energy account for 0.5% in 2019. 

3.2. European union 

The energy transition started earlier. The two oil crises made Eu- 

ropean countries deeply aware of the significance of renewable energy. 

Since the 1990s, the European Union has begun to promote climate and 

energy policy reforms. In 2003, the first and largest carbon emissions 

trading system in the world was established, and the energy transition 

has achieved remarkable results. 

Renewable energy policy system is complete. The EU has clear 

short-term, medium-range, and long-term development strategies and 

goals, support mechanisms, and sustainability standards. The overall 

carbon emission reduction reached the target in advance. In 2017, the 

energy intensity and carbon intensity of energy consumption in the 28 

EU countries decreased by 14.63% [16] and 8.65% [17] respectively 

compared with 2008, and the greenhouse gas emission reduction ex- 

ceeded the 2020 target, as shown in Fig. 2 . 

The EU Leads the World in Energy Structural Transformation. 

As shown in Fig. 3 , the share of the fossil energy consumption of the EU 

in 2017 was lower than the global average, especially coal consump- 

tion. In comparison, nuclear and non-hydro renewable energy power 

consumption accounted for about 2.5 times higher than the global av- 

erage and was close to 1/3 of the global total consumption [15] . Fossil 

energy consumption rebounded in the short-term and continued to de- 

cline in the long-term. Oil consumption still accounted for the largest 

proportion, which is higher than the global average. The installed ca- 

pacity of nuclear power was leading but negative growth. Renewable 

energy power consumption led the world. In 2017, the renewable en- 

ergy power consumption of the EU accounted for 15.66% in the world 

total, which is higher than nuclear power consumption and was close 

to coal consumption. Among them, the consumption and proportion of 

non-hydro renewable energy was the highest in history, respectively 2.9 

and 3.1 times what it was ten years ago. 
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Fig. 2. Statistics of greenhouse gas emissions 

in the European Union from 1990 to 2017 [18] . 

Fig. 3. Changes of primary energy consump- 

tion in the EU [15] . 

Fig. 4. Variation of energy generation in the 

EU [22] . 

Renewable energy generation surpassed coal power for the first 

time. As shown in Fig. 4 , the proportion of fossil energy power gen- 

eration in the EU has decreased, of which coal power has continued 

to decrease, but natural gas power generation has increased for three 

consecutive years. In 2017, renewable energy generation accounted for 

20.9%, while coal power accounted for 20.6%. It can be seen that the 

renewable energy generation in numerical percentage slightly over coal 

power for the first time. According to this trend, the EU’s renewable 

power generation is expected to account for 50% in 2030 [15] . 

Energy efficiency has improved significantly but electricity de- 

mand has picked up. In the context of economic recovery, the continu- 

ous growth of population and gross domestic product (GDP) is shown in 

Fig. 5 . The consumption of primary energy and electricity in the EU has 

increased for three consecutive years, but the global share continued to 

decline, which was 5.41% lower than in 2013 [15] . 

The proportion of end-consumption of renewable energy has 

not grown at a sufficient rate. As shown in Fig. 6 , the proportion of 

end-consumption of renewable energy has continued to increase, but 

the growth rate has slowed. With the trend of the past five years, the EU 

needs further efforts to ensure its renewable energy target [20] . How- 

ever, as can be seen from Fig. 2 , the overall trend of greenhouse gas 

emissions in the past few decades have been declining. In Fig. 6 , re- 

newable energy consumption has been increasing since 2004.The com- 

parison between Fig. 2 and Fig. 6 shows that greenhouse gas emissions 

have been on the decline in the past few decades as the consumption of 

renewable energy continues to increase. 

Regional development was uneven. The proportion of renewable 

energy consumption in each region is shown in Fig. 7 . The EU is expected 

to achieve the 2020 target, but some member states still need to make 

more effort [23] . 

With a positive emission reduction target, renewable energy has 

promised prospective. According to the forecast of the International 

Renewable Energy Agency (IRENA), the renewable energy share of the 

EU in 2030 can reach more than 33% in a positive scenario [25] . In 

2050, renewable energy supply will reach 74%, end use will reach 70%, 

electricity use will account for 41% of final consumption, and renewable 

energy generation will account for 94% [26] . 

3.3. India 

The contradiction between energy supply and demand is promi- 

nent, and the demand for renewable energy is strong. India is the 
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Fig. 5. Changes in GDP growth, population 

and energy consumption in the EU from 2010 

to 2017 [15 , 19] . 

Fig. 6. Changes and trends of renewable en- 

ergy consumption in the EU [21] . 

Fig. 7. Changes in the share of renewable en- 

ergy consumption in EU member states and 

2020 targets [24] . 

second most populous country in the world. As an emerging economy 

with strong economic growth and energy demand, in recent years, In- 

dia’s energy demand has continued to expand, energy shortages have 

become increasingly prominent, external energy dependence has con- 

tinued to increase, and energy security issues have become increasingly 

significant. 

The gap between energy supply and demand has gradually in- 

creased. Fossil energy is still in an absolutely dominant position in the 

energy structure of India, of which coal has been above 50% for a long 

time. As shown in Fig. 8 , the production of coal, oil, and natural gas has 

been lower than the corresponding consumption in the past ten years. 

Except for the decline in traditional energy production between 2010 

and 2013, the rest of the years have shown an increasing trend, and the 

supply and demand gap has continued to increase year by year [15] . 

Energy consumption continues to increase and there is still 

much room for growth. As shown in Fig. 9 , the primary energy con- 

sumption of India ranked third in the world in 2017, accounting for 

5.6%, of which growth rate is well above the world average. And the 

primary energy consumption growth of India ranked second in the world 

with an increase of 12.41%, showing a strong growth trend. In contrast, 

per-capita energy consumption is not high, only 23.45 GJ in 2017, less 

than 1/3 of the average person in the world [15] . 

Renewable energy resources are abundant. In recent years, re- 

newable energy has maintained rapid development in India. As of 

2017, the total installed capacity of renewable energy except large hy- 

dropower has reached 62.85 GW [27] . 

Renewable energy has great potential and rapid development. 

India is the seventh-largest hydropower producer, with a large hy- 

dropower installed capacity of 45.29 GW in 2017 [29] . As shown in 

Fig. 10 , the installed capacity of wind power in India is gradually in- 

creasing. In 2017, photovoltaic installed capacity increased to 9.628 

GW, which had an increase of nearly 100% compared with the previ- 

ous year. Due to its geographical advantages, the biomass resources of 

India are also very rich. In 2017, biomass generation, gasification, and 

combined heat and power generated 8.4 GW of electricity. And 138.30 

MW has been installed for waste incineration [28] . As shown in Fig. 11 , 
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Fig. 8. Changes in fossil energy production 

and consumption in India [15] . 

Fig. 9. Primary energy consumption and incre- 

mental changes in India [15] . 

Fig. 10. Changes of installed wind power, pho- 

tovoltaic and hydropower capacity in India 

[27 , 28] . 

traditional energy in India still has a large proportion, especially coal 

power. The proportion of renewable energy generation is small, but it 

has steadily increased in recent years. 

The penetration of renewable energy is insufficient. As shown 

in Fig. 12 , the share of renewable energy generation in India has de- 

clined slightly. On the one hand, the development of renewable energy 

has its own twists and turns. On the other hand, compared with tradi- 

tional energy, which continues to grow significantly, the development 

of renewable energy needs to be strengthened with the rapid increase 

in total energy consumption [15] . 

The prospects for renewable energy are good, but more in- 

frastructure investment is necessary. According to the forecast of 

Bloomberg New Energy Finance (BNEF), the renewable energy gener- 

ation of India will account for 75% in 2050. It is not difficult to see 

from the medium-range and long-term development trend that the re- 

newable energy generation of India has a large space for development. 

In terms of power grids and infrastructure, the power system in India 

has a weak foundation and can only meet the existing basic needs. It 

does not yet have the capacity to access and absorb renewable energy 

on a large scale, so it requires a lot of investment for construction and 

renovation [30] . 

3.4. Australia 

There is great potential for renewable energy development. Aus- 

tralia is the ninth energy producer in the world and one of the three net 

energy exporters among the Organization for Economic Cooperation and 

Development (OECD) members. It has abundant energy resources. 

The overall energy structure is still dominated by fossil en- 

ergy, and the proportion of renewable energy is relatively small. 

As shown in Fig. 13 , Australian fossil fuels accounted for 94% of en- 

ergy consumption between 2016 and 2017. Among them, oil accounted 

for the largest share. Coal ranked second, accounting for 32%. Natural 

gas accounted for 25%. The share of renewable energy was only 6%, 
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Fig. 11. Power structure of India in 2017 [15] . 

Fig. 12. Development of renewable energy 

generation and its share in India [27 , 28] . 

Fig. 13. Changes in energy consumption in 

Australia [31] . 

but it has increased by 5% year-on-year, and there was much room for 

development [31] . 

The power structure transition achieved initial results. In 2017, 

the total power generation in Australia was 259.4 terawatt hours. Coal 

was still the main source of electricity, accounting for about 61%, which 

was much lower than the beginning of the 21st century (80%). In the 

past 20 years, the Australian government has set a positive renewable 

energy target. The renewable energy industry has developed rapidly, 

and its share has grown from 7.7% at the beginning of the century to 

nearly 16% [31] , as shown in Fig. 14 . 

Renewable energy is developing rapidly. As shown in Fig. 15 , 

More than 1.1 GW of new photovoltaic installations in Australia gener- 

ated 8.615TWh, which accounted for 3.83%. The photovoltaic market 

has developed rapidly in recent years, especially rooftop photovoltaic. 

Compared with 2016, the ratio of renewable energy generation in 2017 

shrank slightly. At the same time, the new wind power capacity is 245 

MW, the total installed capacity is 4557 MW. And the wind power gen- 

eration is 12,873 GWh, accounting for 5.72% of the total generating 

capacity [32] . 

Active policies accelerate the development of renewable en- 

ergy. In 2017, the Australian government released a summary of energy 

policies after 2020 [33] , which aims to complete 26% of the emission 

reduction tasks. The Australian government plans to start implement- 

ing reliability guarantees in 2019 and emission reduction guarantees in 

2020. At least 4.8 GW of renewable energy will be installed between 

2020 and 2030, and the proportion of renewable energy power gen- 

eration will be increased to 28% − 36% in 2030 [34] . According to the 

Australian Green Energy Markets Agency (GEM), the share of renewable 

energy generation will also reach 39.1% by 2030 [35] . 

2050 is expected to achieve power net zero emissions. Accord- 

ing to the power transition roadmap jointly released by the Australian 

Energy Network Agency (ENA) and the Commonwealth Scientific and 

Industrial Research Organization (CSIRO), by 2050, the proportion of 

renewable energy in the energy structure is expected to exceed 95%. 

Distributed energy will meet the power needs of 30% to 45% of users in 

Australia [36] . 

3.5. Brazil 

Brazil is the world leader in the use of renewable energy. Brazil 

is the largest economy in South America, one of the first countries to 

start using biomass fuels, and the largest producer and consumer of 

biomass fuel. Guided by the policy of energy diversification, Brazil has 
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Fig. 14. Changes of power structure in Aus- 

tralia [31] . 

Fig. 15. Variation of renewable energy gener- 

ation in Australia [31] . 

Fig. 16. Primary energy consumption and in- 

cremental changes in Brazil [15] . 

been vigorously promoting the development of hydropower and wind 

energy [15] . 

Energy consumption continues to grow, and the share of renew- 

able energy has steadily increased. As shown in Fig. 16 , the primary 

energy consumption of Brazil has continued to increase, but the growth 

rate has declined. The consumption in 2017 was 12.39 EJ, which re- 

bounded slightly after 2 consecutive years of negative growth with a 

year-on-year growth of 0.8%, ranking ninth in the world. In 2017, non- 

hydro renewable energy consumption and power generation increased 

steadily. Hydropower decreased slightly compared with 2016, but its 

share has increased, as shown in Fig. 17 [15] . 

The installed capacity of renewable energy has grown steadily. 

In 2017, the total power generation in Brazil was about 590.9TWh, ac- 

counting for about 2.3% of the world’s total. Among them, the non- 

hydro renewable energy generation was about 97.9TWh, accounting for 

about 16.57% of the total power generation [15] . As shown in Fig. 18 , 

the long-term growth of renewable energy capacity in Brazil is stable 

with a 10-year growth rate of 54.48% [15] . 

The electricity market reform has achieved remarkable results. 

Since 1995, the government has begun electricity privatization re- 

form, gradually separating the generation, transmission, and distribu- 

tion links, while regulating electricity transactions. Brazil ranks third in 

the world in terms of hydropower potential and is the largest source 

of electricity. Its hydropower resources are abundant but highly depen- 

dent. In 2017, Brazil has huge wind power potential, ranking eighth 

in the world in terms of installed capacity. It has onshore wind farms 

with a capacity factor of more than 60%, far exceeding the world av- 

erage (24.7%). After the oil crisis in the 1970s, Brazil was committed 

to developing alternative fuels and became a leader in liquid biofuels. 

According to the forecast of the Brazilian Energy Research Office (EPE 

in its Portuguese acronym), the installed photovoltaic capacity of Brazil 

may reach 124 GW, generating 168TWh, and the solar market has a 

good outlook by 2050 [37] . 

3.6. The united states 

Energy consumption is basically stable, and production contin- 

ues to increase. As shown in Fig. 19 , in 2017, the primary energy pro- 

duction in the United States rebounded rapidly after experiencing a pe- 

riod of lows. Total primary energy consumption also increased slightly 

compared with 2016 [38] . 

The proportion of renewable energy has increased steadily. Ac- 

cording to statistics from the U.S. Energy Information Administration 

(EIA), as shown in Fig. 20 , the total renewable energy production of the 
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Fig. 17. Energy consumption and electricity 

generation in Brazil by category 2016–2017 

[15] . 

Fig. 18. Changes of installed renewable en- 

ergy capacity in Brazil [27] . 

Fig. 19. Changes in primary energy produc- 

tion and consumption in the United States [38] . 

Fig. 20. The energy structure of the United 

States in 2017 [38 , 39] . 

United States in 2017 was 11.96 EJ, accounting for about 12.72% of the 

total primary energy production. The total renewable energy consump- 

tion was basically the same as production, accounting for 11.28% of the 

total primary energy consumption [39] . 

Renewable electricity has grown significantly. In 2017, the share 

of renewable energy in power generation was 17.1 percent, increasing 

steadily year by year. Over the past 10 years, the proportion increased 

by about 84.86%. As shown in Fig. 21 , in 2017, 28.5 GW of new power 

generation was installed, including 3.5 GW of distributed photovoltaic. 

New photovoltaic and wind power installations accounted for nearly 

1/3 and more than 1/4 of new installed capacity, respectively, at the 

all-time high. 

Economic factors are the driving force for the steady growth of 

wind power. Since 2009, the cost of wind power has continued to drop 

by 67%, driving the continued growth of the US wind energy industry 

[42] . Due to the expansion of the Production Tax Credit (PTC), the in- 
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Fig. 21. Changes in installed renewable en- 

ergy capacity and power generation in the 

United States [40 , 41] . 

Fig. 22. Statistics and projections of energy 

consumption in the United States from 1990 to 

2050, department of energy information [44] . 

crease of Renewable Portfolio Standard (PRS), as well as a decline in 

the cost of technology, the US wind power industry was expected to 

continue to grow strongly. 

Policy support promotes the vigorous development of solar en- 

ergy. According to the U.S. Department of Energy Information, as of 

2017, the total installed capacity of photovoltaic power generation was 

50.4 GW. Among them, the large-scale photovoltaic newly installed ca- 

pacity was 4.7 GW, the cumulative installed capacity was 26.7 GW, and 

the power generation was 529.6TWh (1.3%) with an increase of 46.9% 

[43] . 

Biomass energy continues to develop steadily. The United States 

is the largest producer and exporter of wood pellets, and its biomass 

power generation ranks second in the world. Between 2014 and 2016, 

the consumption of biomethane in the United States increased nearly 6 

times, and in 2017 it increased by 15% [43] . 

The development situation of renewable energy is good. Accord- 

ing to the forecast of the EIA, as shown in Fig. 22 , the energy consump- 

tion of industry and electricity will increase significantly, and the pro- 

portion of renewable energy in primary energy consumption will con- 

tinue to increase. 

4. Development trend of renewable energy industry 

4.1. Overall development trend 

Renewable energy generation continues to develop rapidly. Ac- 

cording to the statistics of the IRENA, as shown in Fig. 23 , the total in- 

stalled capacity of global renewable energy in 2017 was approximately 

2181.57 GW, which accounted for approximately 70% of the increase in 

total installed electricity. And the increment increased by 7.85% com- 

pared with 2016 [45] . According to statistics from the International 

Energy Agency (IEA), wind power accounted for 36% of the increase 

in renewable power generation, followed by photovoltaics (27%), hy- 

dropower (22%), and biomass power generation (12%) [46] . 

Progress is uneven across sectors and regions. Although renew- 

able energy has made significant progress in the field of electricity, it still 

needs to be improved in terms of heating, cooling, and transportation. As 

technology matures intermittent renewable energy sources such as so- 

lar and wind power are expanding rapidly. More flexible energy system 

integration is required to achieve high reliability and cost-effectiveness, 

and more comprehensive and complex policy measures are required. 

Renewable energy investment is dominated by renewable elec- 

tricity. As costs continue to fall, the amount of new installed invest- 

ment far exceeds fossil energy. In 2017, the total global investment was 

$279.8 billion (excluding hydropower stations greater than 50 MW) 

with a year-on-year increase of 2%. Investment in Latin America and 

the United States has remained stable or tended to rise, but in Europe it 

has declined by 30% since 2010 and has shown a continuous downward 

trend [47 , 48] . 

Renewable energy has grown strongly and its competitiveness 

has increased. According to the forecast of the IEA, renewable energy 

will account for nearly 30% of global electricity in 2023, of which hy- 

dropower will account for 16%, followed by wind (6%), solar (4%), and 

biomass (3%). In order to achieve the goals of the Paris Agreement, the 

expansion of renewable energy needs to be increased by at least 6 times. 

The renewable energy roadmap (Remap) issued by the IRENA shown 

that, as illustrated in Fig. 24 , renewable energy needs to be expanded 

into various fields. The proportion of renewable energy in all countries 

will increase significantly by 2050. The share of renewable energy elec- 

tricity will increase from 25% in 2017 to 85% in 2050, mainly from 

solar and wind power [49] . 

Renewable energy consumption mainly comes from wind and 

photovoltaic. As shown in Table 2 , the source and consumptions of 

various renewable energy in various countries are clearly displayed. And 

other renewable energy in the table includes electricity generated from 

geothermal, biomass and other sources of renewable energy. China’s 

wind turbine power generation and photovoltaic power generation are 

the highest for two consecutive years. 
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Fig. 23. Changes in global installed capacity 

of renewable energy power generation [45] . 

Fig. 24. International renewable energy 

agency 2050 energy intensity and renewable 

energy share forecast [49] . 

Fig. 25. Changes of total installed capacity 

and increment of wind power in the world [41] . 

4.2. Wind energy 

The wind power industry has developed rapidly. Its total in- 

stalled capacity has increased nearly five times in ten years. As shown in 

Fig. 25 , the installed wind power capacity in Europe and India, and the 

global offshore wind power capacity are record-breaking [41] . In 2017, 

more than 90 countries and regions around the world have participated 

in the development of the wind power industry. 

In 2017, China continued to maintain the number one position in 

the wind power market, and the Asian wind power market once again 

led the world. Europe ranked second and North America ranked third. 

Among them, 30 countries have installed capacity exceeding 1 GW, and 

9 countries have installed capacity exceeding 10 GW, as shown in Fig. 26 

[50] . 

The short-term development of onshore wind power has slowed 

down. In 2017, the installed capacity of grid-connected power de- 

creased by 10% for the second consecutive year. This trend is clearly 

inconsistent with the Sustainable Development Scenario (SDS) provided 

by the IEA, as shown in Fig. 27 . The Sustainable Development Goals 

(SDGs) calls for continued growth of onshore wind power installations 

with an annual increase of 12% in power generation [51] . 

The development of offshore wind power reached a record high. 

In 2017, the world’s new offshore wind power increased by 4.33 GW, 

and the cumulative installed capacity was 18.81 GW. Among them, Eu- 

rope accounts for 72% [54] of the global new market. The SDGs predicts 

that the growth rate of offshore wind power will continue to increase, 

of which Germany is expected to reach 150 GW by 2030 [55] . 

The competitiveness of wind power continues to increase. In a 

market with a small base but continuous growth, the cost of wind power 

is lower than existing fossil energy, and it has become one of the most 

competitive ways for new installations. Tender prices for both onshore 

and offshore wind power installations fell sharply in 2017 [41] . 

Long-term development still requires policy support. The Global 

Wind Energy Council (GWEC) expects total wind power to reach 2110 
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Table 2 

The source and consumptions of various renewable energy [15] . 

2018 2019 

Terawatt-hours Wind Solar Other renewables ∗ Wind Solar Other renewables ∗ 

Canada 33.186 3.854 10.038 34.172 4.315 10.809 

Mexico 13.089 3.180 6.995 17.598 12.439 7.751 

US 275.404 94.308 81.913 303.102 108.359 78.340 

Argentina 1.413 0.108 2.492 4.996 0.800 2.397 

Brazil 48.475 3.461 54.382 55.833 5.563 56.254 

Chile 3.588 5.119 9.157 5.300 6.300 9.992 

Peru 1.502 0.745 1.245 1.646 0.762 1.614 

Austria 6.030 1.438 4.854 7.435 1.352 4.787 

Belgium 7.465 3.902 5.471 9.532 3.947 5.127 

Czech Republic 0.609 2.340 4.827 0.700 2.282 4.925 

Finland 5.839 0.090 12.184 5.985 0.178 12.195 

France 28.085 10.318 8.521 34.480 11.729 8.697 

Germany 109.951 45.784 51.048 125.975 47.517 50.609 

Greece 6.300 3.791 0.314 7.278 3.960 0.321 

Hungary 0.607 0.620 2.292 0.726 1.384 2.146 

Italy 17.716 22.654 25.258 20.063 24.326 23.233 

Netherlands 10.564 3.693 4.555 11.458 5.189 5.633 

Norway 3.877 0.085 0.204 5.538 0.113 0.260 

Poland 12.799 0.300 6.548 15.037 0.713 7.347 

Portugal 12.617 1.005 3.386 13.738 1.275 3.547 

Romania 6.322 1.771 0.437 6.744 1.734 0.545 

Spain 50.896 12.744 6.176 56.170 15.042 6.278 

Sweden 16.623 0.391 11.913 19.883 0.587 13.122 

Switzerland 0.122 1.944 1.811 0.122 2.260 1.762 

Turkey 19.949 7.800 10.081 21.704 10.920 12.711 

Ukraine 1.188 1.108 0.220 1.885 2.911 0.241 

United Kingdom 56.904 12.857 34.768 64.134 12.677 36.553 

Belarus 0.099 0.118 0.109 0.106 0.120 0.114 

Russian Federation 0.237 0.624 0.523 0.315 0.985 0.520 

Israel 0.064 1.574 0.101 0.064 2.719 0.101 

South Africa 6.892 4.935 0.429 6.938 5.261 0.429 

Australia 16.412 12.279 3.554 19.524 17.951 3.576 

China 365.800 176.900 93.724 405.700 223.800 102.830 

India 60.311 36.331 26.195 63.314 46.268 25.351 

Japan 7.354 66.056 23.364 8.620 75.274 37.267 

New Zealand 2.068 0.099 8.353 2.255 0.127 8.427 

Pakistan 3.138 1.021 0.997 4.778 1.160 0.945 

Philippines 1.153 1.249 11.540 1.175 1.331 11.772 

South Korea 2.586 9.661 11.673 2.758 12.133 14.345 

Thailand 1.948 4.989 10.865 2.662 5.014 13.728 

Vietnam 0.310 0.113 0.076 0.491 4.181 0.076 

Fig. 26. Distribution of total installed wind 

power in the world in 2017 [50] . 

GW by 2030 at current growth rates under the Paris agreement. By 2050, 

global wind energy installed capacity is expected to reach 5806 GW 

[56] . However, it will only be possible if countries around the world 

take a comprehensive and powerful climate action. 

4.3. Solar energy 

The outlook for the solar power industry is optimistic. In 2017, 

solar power generation accounted for 1.7% of the total global power 

generation with an annual growth rate of approximately 35% [15] . With 

the decline in power generation costs, the number of grid-connected 

photovoltaic systems has reached the level of one million. According to 

statistics from the Solar Power European (SPE), the cumulative installed 

capacity in 2017 exceeded 400 GW with an increase of 32% compared 

with 2016. Ten years of growth nearly 43 times. Compared with the 

beginning of the 21st century, power generation has increased by nearly 

255 times [57] . 

The Asia-Pacific region is in the leading position in the photo- 

voltaic market. As shown in Fig. 28 , the rapid growth of the photo- 

voltaic market since 2012 was mainly driven by the United States and 

the Asia-Pacific region. From 2014, more than 60% of the installed ca- 

pacity increase came from the Asia-Pacific region [15] . According to 
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Fig. 27. IEA Wind Power Development Fore- 

casts and Sustainable Development Program 

Stage Goals [52,53] . 

Fig. 28. Changes of global installed photo- 

voltaic capacity [15] . 

Fig. 29. Short-term forecast of the global photovoltaic market by the European 

solar agency [57] . 

statistics from the SPE, the new installed capacity of the Asia-Pacific in 

2017 was 73.7 GW, and its total installed capacity accounted for 55% 

of the global share. 

The development of the photovoltaic industry is expected to be 

good. According to the forecast of the short-term photovoltaic market 

of the SPE, as shown in Fig. 29 , under the best conditions, the global 

photovoltaic installed capacity will reach 1270.5 GW in 2022, and it 

will also break through the TW level in the moderate scenario [57] . 

Europe and America dominate the development of the concen- 

trating solar power (CSP) market. As shown in Fig. 30 , the global CSP 

has grown approximately 10 times over the past 10 years. Policy sup- 

port has promoted the early expansion of CSP, especially in the United 

States and Spain, which accounted for more than 80% of the global to- 

tal installed capacity. However, compared with other renewable energy 

technologies, the scale of CSP deployment is not large [58] . 

The prospect of CSP industry is promising, but more policy sup- 

port is needed. According to research by the Greenpeace, the European 

Solar Thermal Electricity Association (ESTELA) and the IEA, solar ther- 

mal power will meet 6% of global electricity demand by 2030, and reach 

12% by 2050 [59] . As shown in Table 3 , different trends depend on 

technological developments and future policies. The reference scenario 

assumes that the existing policies remain unchanged, the moderate sce- 

nario considers the support policies that have been adopted or planned 

globally, and the best scenario assumes that the conditions are optimal 

in all aspects. 

4.4. Biomass energy 

With policy support, biomass energy is generally well devel- 

opment. According to statistics from the 21st Century Renewable En- 

ergy Policy Network (REN21), as shown in Fig. 31 , biomass energy ac- 

counted for about 12.8% of global energy consumption in 2016.Tradi- 

tional biomass was mainly used for heating, while the construction and 

industrial sectors accounted for large proportion of modern biomass en- 

ergy end uses. Biomass energy market policy has great influence. 

Biomass thermal utilization is still the main route. The global 

share of traditional biomass thermal has been decreasing year by year, 

while modern biomass thermal utilization has developed rapidly, reach- 

ing 13.1 EJ in 2016. The EU is the largest consumer of modern biomass 

fever, and consumption has increased by more than 30% since 2007. 

The biomass power generation market has developed exten- 

sively. In 2017, the total installed capacity of the world was 122 GW 

with a year-on-year increase of 7%, and the generation increased by 

11%, as shown in Fig. 32 . Due to the lack of strong policy drivers and 

competition from other renewable energy sources, biomass power gen- 

eration in the United States has been relatively stable over the past ten 

years. In 2017, the generation of 69TWh increased by only 2%. With 

the closure of some projects, the installed capacity declined slightly. 

Driven by renewable energy target, the EU’s biomass power generation 

increased by 11% in 2017 [41] . 

Transportation biofuel market is relatively concentrated. Bio- 

fuel production, consumption, and trade are affected by a variety of 

factors, including raw material growth conditions, policies and market 

environment, as well as tariffs and other measures affecting interna- 

tional trade. More than 80% of transportation biofuel production and 

consumption is in the United States, Brazil and the European Union. 
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Fig. 30. Changes and regional distribution of 

installed capacity of the global concentrated 

photothermal power generation system [58] . 

Table 3 

Market forecast of photothermal power generation [59] . 

2020 2030 2040 2050 

Reference scenario Annual installed capacity (GW) 3.619 5.651 9.500 12.427 

Cost (EUR/kw) 3485 2814 2688 2674 

Moderatescenario Annual installed capacity (GW) 4.834 18.876 36.652 61.654 

Cost (EUR/kw) 3485 2814 2666 2637 

Best scenario Annual installed capacity (GW) 11.950 49.758 75.455 131.143 

Cost (EUR/kw) 3485 2814 2663 2577 

Fig. 31. Proportion and usage of global 

biomass energy consumption in 2017 [41] . 

Fig. 32. Variation of biomass energy genera- 

tion in various regions of the world [41] . 
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Fig. 33. Global production (EJ), distribution 

and growth of the three biofuels in 2017 [41] . 

Fig. 34. Changes of global installed capacity 

of geothermal power generation [15] . 

Global production increased by approximately 2.5% annually in 2017 

to 143 billion liters (3.5 EJ), as shown in Fig. 33 [41] . 

The prospect of the biomass energy market is promising. Accord- 

ing to the IEA’s forecast, biomass energy will be the largest renewable 

energy source with increasing consumption between 2018 and 2023. 

Among them, biomass fuels in the heating and transportation sectors 

will account for 30% of the increase in renewable energy consumption. 

4.5. Geothermal energy 

The geothermal energy industry has developed steadily and the 

growth rate of installed power capacity has increased. According to 

the IRENA, the total useful energy of geothermal in 2017 was estimated 

to be 170TWh, while the resources available for power generation and 

thermal utilization (heating and cooling) each accounted for half of it. 

Global thermal utilization increased by approximately 1.4 GW in the 

same year with a total capacity of 25 GW [60] . Geothermal power gen- 

eration capacity continued to grow, as shown in Fig. 34 . In 2017, it 

increased by 4.0%, which is higher than the average level in the past 10 

years (annual increase of 3.3%). 

The geothermal power industry has obvious regional charac- 

teristics. The United States continues to lead in total installed capacity, 

accounting for 26% of the global total installed capacity of geother- 

mal power, but its holdings show a negative growth trend. The Philip- 

pines ranks second in the world, accounting for 13.48%. The EU’s total 

geothermal installed capacity in 2017 was 1011 MW, of which more 

than 90% came from Italy [60] . In 2017, Indonesia and Turkey contin- 

ued to lead in incremental terms, accounting for about 3/4 of new global 

installed capacity. Indonesia’s incremental share accounted for 39.73%, 

and the total installed capacity accounted for 13.01%, which can meet 

Indonesia’s 5% power demand. Due to the support policies formulated 

more than 10 years ago, the Turkish geothermal industry continued to 

maintain strong growth. In 2017, the new installed capacity accounted 

for 43.84%, and the total installed capacity accounted for 7.44%. The 

third largest increment was Chile, which installed 48 MW for the first 

time in 2017. 

The challenges and opportunities of the geothermal industry 

coexist. In 2017, the geothermal industry was still subject to various 

constraints, and new resource exploration and extraction methods were 

helping to overcome certain economic and technical challenges. In the 

United States and Europe, continuous technological innovation has in- 

creased the exploration and development potential of geothermal re- 

sources. The geothermal market has a good outlook. As shown in Fig. 35 , 

many countries have formulated clear geothermal power development 

plans. 

4.6. Ocean energy 

Ocean energy is less developed but has great potential. Despite 

decades of efforts, the level of development and utilization of marine 

energy is still not high. According to the report of REN21, the total in- 

stalled marine power in operation in 2017 was only about 529 MW, 

of which more than 90% of the capacity was from two tidal energy 

projects [61] . The report of IES’s Ocean Energy System Project (OES) 

shows that although only 25 MW of ocean power, excluding tidal power, 

can be installed, it has doubled compared with 2016. Among them, tidal 

energy accounted for 73% in 2017, wave energy accounted for 26%, 

and the ocean thermal energy accounted for relatively small, only 1% 

[41] . 

Emerging technologies are still in their early stages and require 

policy support. According to reports, the planned 320 MW tidal dam 

project in the United Kingdom received favorable review in early 2017, 
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Fig. 35. National plan to add new installed ca- 

pacity of geothermal power generation [60] . 

Table 4 

Part of the national Marine energy generation development goals [41] . 

Countries Goal 

French 380 MW installed capacity by 2020 

Japan 1500 MW of installed capacity by 2030 

Philippines 75 MW of new installed capacity from 2010 to 2030 

Portugal 6 MW installed capacity by 2020 

Spain 100 MW installed capacity by 2020 

Thailand 2 MW installed capacity by 2021 

China 50 MW installed capacity by 2020 

South Korea 6159 GWh of annual electricity generation by 2030 

but people remain concerned about its cost and potential ecological im- 

pact. Other open water technologies, such as tidal current and wave 

energy converters, were still in the early development stage, and the 

tidal current technology has the highest maturity. Wave energy demon- 

stration projects were mostly in the pre-commercial stage. However, the 

development of ocean thermal energy and salinity gradient energy tech- 

nologies is far from commercial use, and only a few pilot projects have 

been launched. In 2017, Europe carried out large-scale deployments on 

marine energy equipment. However, the development of marine energy 

is slower than expected. The markets for these emerging technologies 

are still mainly driven by government support, and international coop- 

eration plays an important role in them [41] . 

The outlook for the ocean energy market is optimistic. In 2017, 

people were generally optimistic about the development of marine en- 

ergy, especially in Europe, where some technologies have reached the 

stage of commercialization. Many countries have certain ocean energy 

development goals, as shown in Table 4 . 

4.7. Hydrogen energy 

Hydrogen energy is used as an effective way to promote the de- 

velopment of renewable energy. At present, many countries are us- 

ing hydrogen energy to absorb renewable energy. This technology is an 

important support for the large-scale development of smart grids and 

renewable power generation, and has gradually become the focus of en- 

ergy technology innovation and industrial support in many countries. 

Investment in the hydrogen energy market has increased. Since 

2014, except for the transportation industry, global clean energy invest- 

ment has declined slightly. However, the total amount of venture cap- 

ital transactions in the fields of energy storage, hydrogen energy and 

fuel cells have almost doubled in 2017, reaching a total of $175 mil- 

lion [62] . In recent years, many developed countries have formulated 

corresponding hydrogen energy development goals, such as the United 

States, the European Union, Japan, and South Korea. 

The hydrogen industry has a bright future and will play an im- 

portant role in the energy transition. According to the IEA’s forecast, 

the available power for hydrogen energy conversion and storage will ex- 

ceed 500TWh in the future. In 2040, hydrogen will account for 18% of 

global terminal energy consumption. It is estimated that 20% of global 

carbon emission reductions will be due to hydrogen energy by 2050 

[62] . At present, the space requirement of hydrogen energy for infras- 

tructure is relatively low, and it has a foundation for rapid scale-up. As 

the technology matures, costs will be significantly reduced due to mass 

production. In the long run, hydrogen energy can become a key factor 

in the transition to 100% renewable energy. Of course, the right pol- 

icy orientation and regulatory framework are still essential to stimulate 

investment. 

5. Discussions 

5.1. Summary of international development experience 

There are double challenges in contemporary world, not only to meet 

the growing energy demand, but also to address greenhouse gas emis- 

sions and other environmental issues. Renewable energy and energy 

structure transition are effective ways to get out of the predicament. 

It will become an inevitable trend to solve environmental problems 

by improving energy as effectively as possible to reduce total energy 

consumption, and creating low-carbon, zero-carbon or even negative- 

carbon energy. As the international community pays more and more 

attention to issues such as ensuring energy security, protecting the eco- 

logical environment, and responding to climate change, accelerating the 

development and utilization of renewable energy has become a univer- 

sal consensus and concerted action of countries around the world. In 

2017, the transformation of the global energy structured to a clean and 

low-carbon direction continued to accelerate, and the development of 

international renewable energy showed the following trends. 

5.1.1. Renewable energy has become a major strategic measure for global 

energy transition goals 

The basic trend of the global energy transition is to transform fossil 

energy system into low-carbon energy system, and finally enter the era 

of sustainable energy. To this end, many countries have proposed en- 

ergy transition strategies with the development of renewable energy as 

the core content. Reports from international agencies such as the United 

Nations Intergovernmental Panel on Climate Change (IPCC), the Inter- 

national Energy Agency (IEA) and the International Renewable Energy 
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Agency (IRENA) have stated that renewable energy is an important mea- 

sure to achieve climate change goals. More than 90% of the signatories 

to the Paris Agreement have set renewable energy development goals. 

5.1.2. Renewable energy has played an important role in some countries 

In recent years, new installations of renewable energy power genera- 

tion in Europe and the United States have exceeded conventional energy. 

In 2015, the world’s new installed capacity of renewable energy gener- 

ation exceeded conventional energy for the first time. The construction 

of global power system is undergoing structural changes. Renewable 

energy in Germany and other EU countries has gradually become the 

mainstream. The proportion of renewable energy in the United States 

has also increased year by year. India, Brazil, South Africa, and Saudi 

Arabia are also vigorously building renewable energy power generation 

projects. 

5.1.3. The economy of renewable energy has been significantly improved 

With the advancement of technology and the expansion of appli- 

cation scale, the cost of renewable energy generation has been signifi- 

cantly reduced. In South America, Africa and the Middle East, the bid- 

ding price of wind power and photovoltaic projects in some countries 

has been competitive with traditional fossil energy. The price of long- 

term wind power purchase agreements in the United States has reached 

the same level as fossil energy power generation. The power price of 

newly-increased renewable energy in Germany has been basically real- 

ized parity with traditional energy, the subsidy intensity of renewable 

energy power generation continues to decline, and economic competi- 

tiveness has increased significantly. 

5.1.4. Renewable energy has become a global strategic emerging industry 

Many countries regard renewable energy as the strategic command- 

ing height of new-generation energy technologies and important new 

areas of economic development. They have invested a lot of funds to sup- 

port renewable energy technology research and development, as well as 

related industrial development. The international competition in the re- 

newable energy industry has intensified, and the international trade fric- 

tions in related technologies and products have continued to increase, 

which has become an important new area of international competition. 

5.2. Enlightenment from international development experience 

The development and structural change of the renewable energy 

market has a certain independent development path, and the key factors 

are government involvement and the positioning of the renewable en- 

ergy industry. In this paper, the author comprehensively takes the condi- 

tion of the development of international renewable energy and various 

renewable energy technologies. According to the participation degree of 

the government and the role of the market, the policy path that adapts 

to the development of China’s power market and renewable energy is 

designed, which can be divided into the following three aspects. 

5.2.1. Enhance the flexibility of the power system 

The improvement of the flexibility of power system is an inevitable 

requirement and an important task to meet the consumption of large- 

scale and high-proportion renewable energy in the grid. The design of 

flexible market mechanism can be divided into three stages: "short-term 

market design", "medium-term market design" and "long-term market 

design". The implementation path of each stage is as follows. 

(1) Short-term market design: due to the great differences in the 

current situation of power market construction in different 

provinces, the recent power market construction includes non- 

spot market pilot and spot market pilot. Among them, the em- 

phasis of the non-spot market pilot is to standardize and improve 

the existing large user direct trading to lay a foundation for the 

next stage of market construction. The key point of spot market 

pilot is to explore the establishment of market operation mecha- 

nism to ensure the power balance of the system and realize the 

transformation from planned management to market optimiza- 

tion. 

(2) Medium-term market design: in the medium-term, the market ex- 

perience has been relatively mature, and the degree of market 

competition should be further expanded. It is necessary to grad- 

ually reduce or even eliminate the priority generation power on 

the generation side and the priority purchase power on the gen- 

eration side. In order to improve the flexibility of power system, 

the medium-term market plan should focus on the market mech- 

anism design of electrical energy, auxiliary service market mech- 

anism design and retail market design. 

(3) Long-term market design: in the long-term, a fully competitive 

power market should be established, and the market mechanism 

should be fully utilized to improve the system flexibility. Com- 

pared with the medium-term market design, the long-term mar- 

ket plan should focus on four aspects for the flexibility improve- 

ment of the power system, including the market mechanism de- 

sign of electric energy, the transmission and distribution price 

mechanism design, the retail market design and the capacity mar- 

ket design. 

5.2.2. Improve the policy guidance system for renewable energy 

Learning from the energy and environmental policy systems of major 

economies, it is very important to promote the full and effective use of 

renewable energy by gradually improving the construction of renewable 

energy systems and establishing policy guidance systems, including: 

(1) A system of fully guaranteed purchase of renewable energy power 

generation should be established. According to the grid bench- 

mark electricity price and guaranteed purchase utilization hours, 

combined with the market competition mechanism, the prior- 

ity power generation system should be implemented. Under the 

premise of ensuring the security of power supply, power grid en- 

terprises and other power supply entities should absorb the on- 

grid power of the renewable energy power generation projects 

within the planning scope. 

(2) A voluntary renewable energy power trading mechanism should 

be established. Government agencies, enterprises, public institu- 

tions, social institutions and individuals should be encouraged to 

subscribe voluntarily for green power certificates, so as to guide 

the green consumption of the whole society and promote the con- 

sumption and utilization of renewable energy. 

(3) New regulations for renewable energy development need to be 

introduced. Areas rich in renewable resources need to be encour- 

aged to develop and strive to achieve development without sub- 

sidies under the support of relevant national policies. The "new 

bidding policy" was implemented to promote the high-quality de- 

velopment of the renewable energy industry and reduce the sub- 

sidy intensity. 

5.2.3. Enhance demand-side flexibility 

Demand-side flexibility resources refer to seeking flexibility from 

demand-side resources. Demand side management and demand re- 

sponse are the main ways to release demand side flexibility resources. 

Demand-side management mainly adopts technical means, such as batch 

grouping of interruptible loads (air conditioning, water heater, etc.) of 

users and short-term wheel control under the premise of not affecting 

the basic production and life of users. Demand response refers to the 

short-term behavior of responding to power system supply through price 

signal and incentive mechanism within a certain period of time. 

Large industrial users have become one of the important providers of 

demand side response. With the development of intelligent control tech- 

nology, the application of large industrial demand-side response will 

be further generalized, and the ability to provide flexible services for 
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the system will also be further improved. In addition, the demand-side 

responses of residential and business users will be further refined and 

real-time. In the aspect of real-time, small and medium-sized users will 

carry out demand-side control management based on smaller time scale 

(real-time) signals. 

6. Conclusions 

Long-term learning from international experience will be essential 

meet ambitious climate mitigation goals and increase the absorption 

capacity of renewable energy sources. The EU’s renewable energy con- 

sumption is on the rise, the renewable energy industry is developing 

rapidly, and the overall greenhouse gas emissions are being reduced. 

Alternatively, the expansion of renewable energy during the past few 

decades in other big economies, and the rapid development in renew- 

able energy technologies for energy generation demonstrate that the 

transformation of the energy structure can realize ambitious climate 

mitigation targets. 

Due to each form of renewable energy development involve spatial 

considerations, it is necessary to consider the development characteris- 

tics of different countries and different renewable energy sources, learn 

from the development advantages of various country. In this paper, the 

author comprehensively sorted out the development situation of renew- 

able energy in the world’s five major economic countries, and analyzed 

the development trend of wind, solar, biomass, geothermal, ocean, and 

hydrogen energy. According to the condition of China’s energy devel- 

opment and the role of the market, A policy path that adapts to China 

is brought up. 

Enhancing the flexibility of the power system, improving the pol- 

icy guidance system for renewable energy and enhancing demand-side 

flexibility are the main content of the energy restructuring reform. The 

improvement of the flexibility of power system is to improve the ability 

to optimize and allocate various available resources to adapt to the ran- 

dom changes of power generation, power grid and load, so as to increase 

the absorption capacity of renewable energy. In order to ensure that the 

development of renewable energy sources is adapted to the energy mar- 

ket, it is necessary to maintain the rationality of policy formulation. 

Meanwhile, demand-side response resource is a good balance measure, 

which can well deal with the intermittent characteristics of renewable 

energy and distributed energy failure conditions. These would be grad- 

ually perfected along with the continuous development of renewable 

energy technology. The development path of China’s renewable energy 

should strictly follow the principles of development, innovation and co- 

ordination. 

Declaration of Competing Interest 

There are no conflicts to declare. 

Acknowledgments 

The authors are grateful to the fund of GEF/World Bank Assisted 

China Renewable Energy Scale-up Program with grant NO. A1-CS-2018–

008. 

References 

[1] S. Keles , S. Bilgen , Renewable energy sources in Turkey for climate change mitiga- 

tion and energy sustainability, Renew Sustain Energy Rev 16 (2012) 5199–5206 . 

[2] K. Kaygusuz , Energy for sustainable development: a case of developing countries, 

Renew Sustain Energy Rev 16 (2012) 1116–1126 . 

[3] S. Sen , S. Ganguly , Opportunities, barriers and issues with renewable energy devel- 

opment-A discussion, Renewable and Sustainable Energy Reviews 69 (2017 Mar 1) 

1170–1181 . 

[4] E. Martinot , C. Dienst , L. Weiliang , C Qimin , Renewable energy futures: tar- 

gets,scenarios, and pathways, Annu Rev Environ Resour 32 (1) (2007) 205–239 . 

[5] Y. He , Y. Xu , Y. Pang , H. Tian , R Wu , A regulatory policy to promote renewable 

energy consumption in China: review and future evolutionary path, Renew Energy 

89 (2016 Apr 1) 695–705 . 

[6] S. Kankam , E. Boon , Energy delivery and utilization for rural development: lessons 

from Northern Ghana, Energy Sustain Dev 13 (3) (2009) 212–218 . 

[7] E. Nfah , J. Ngundam , R Tchinda , Modelling of solar/diesel/battery hybrid power 

systems for far-north Cameroon, Renew Energy 32 (5) (2007) 832–844 . 

[8] D. Dizdaroglu , The role of indicator-based sustainability assessment in policy and 

the decision-making process: a review and outlook, Sustainability 9 (6) (2017 Jun) 

1018 . 

[9] F.R. Pazheri , M.F. Othman , N.H Malik , A review on global renewable electricity 

scenario, Renew Sustain Energy Rev 31 (2014) 835–845 . 

[10] D. Zhang , J. Wang , Y. Lin , Y. Si , C. Huang , J. Yang , B. Huang , W Li , Present situation 

and future prospect of renewable energy in China, Renew Sustain Energy Rev 76 

(2017) 865–871 . 

[11] J. Wang , L. Li , Sustainable energy development scenario forecasting and energy sav- 

ing policy analysis of China, Renew Sustain Energy Rev 58 (2016) 718–724 . 

[12] B. Hillring , National strategies for stimulating the use of bio-energy: policy instru- 

ments in Sweden, Biomass Bioenergy 14 (1988) 45e . 

[13] Davis A. Graham , Brandon Owens , Optimizing the level of renewable electric R&D 

expenditures: using real options analysis, Energy Policy 31 (2003) 1589 . 

[14] Martine A. Uyterlinde , Martin Junginger , Hage J. de Vries , et al. , Implications of 

technological learning on the prospects for renewable energy technologies in Europe, 

Energy Policy 35 (2007) 4072e4087 . 

[15] BP, Statistical Review of World Energy – all data 1965-2019, December 2020, 

https://www.bp.com/ . 

[16] Eurostat, online database, Energy intensity (nrg_ind_ei), May 23, 2019, 

https://ec.europa.eu/eurostat/data/database . 

[17] Eurostat, Greenhouse gas emissions intensity of energy consumption (SDG_13_20), 

June 12, 2019, https://ec.europa.eu/eurostat/data/database . 

[18] Eurostat, Greenhouse gas emissions, base year 1990 (t2020_30), June 12, 2019, 

https://ec.europa.eu/eurostat/data/database . 

[19] Agora-Energiewende, Data Attachment - The European Power Sec- 

tor in 2017, January 30, 2018, https://www.agora-energiewende.de/ 

en/publications/data-attachment-the-european-power-sectorin-2017/ . 

[20] Eurostat, newsrelease, Share of renewable energy in the EU up to 

17.5% in 2017, 8-12022019-AP, February 12, 2019, https://ec.europa.eu/ 

eurostat/en/web/products-press-releases/-/8-12022019-AP . 

[21] Eurostat, SHARES tools, Summary Results SHARES 2017, March 21, 2019, 

https://ec.europa.eu/eurostat/web/energy/data/shares . 

[22] Sandbag and Agora-Energiewende, The European Power Sector in 2017, State of 

Affairs and Review of Current Developments, p. 12. 

[23] Eurostat, Share of renewable energy in the EU up to 17.5% in 2017, Decem- 

ber 02, 2019, https://ec.europa.eu/eurostat/en/web/products-press-releases/-/8- 

12022019-AP . 

[24] Eurostat, SHARES tools, Summary Results Shares 2017, March 21, 2019, 

https://ec.europa.eu/eurostat/web/energy/data/shares . 

[25] IRENA, in: Renewable Energy Prospects For the European Union, International Re- 

newable Energy Agency, February 2018, p. 19. ISBN 978-92-9260-007-5 . 

[26] IRENA, in: Global Energy Transformation A Roadmap to 2050, International Renew- 

able Energy Agency, April 2018, p. 30. ISBN 978-92-9260-059-4 . 

[27] IRENA, Renewable Capacity Statistics 2018, pp. 2–39. 

[28] Ministry of New and Renewable Energy, India, Year End Review 2017 – MNRE, 

December27, 2017, https://pib.gov.in/newsite/PrintRelease.aspx?relid = 174832 . 

[29] Central Electricity Authority, India, Review of performance of hydro power stations 

2017-18, November 2018, http://www.cea.nic.in/annualreports.html . 

[30] BNEF, New Energy Outlook 2018, 2018, https://bnef.turtl.co/story/neo2018?teaser 

= true . 

[31] Department of the Environment and Energy, Australian, Australian Energy 

Update 2018 data for charts, August 2018, https://www.energy.gov.au/ 

publications/australian-energy-update-2018 . 

[32] IRENA, Renewable Capacity Statistics 2018, pp. 2–76. 

[33] Department of the Environment and Energy, Australian, National Energy 

Gusrsntee Final Detailed Design, July 2018, http://coagenergycouncil.gov. 

au/publications/national-energy-guarantee-final-detaileddesign-commonwealth- 

elements . 

[34] [Clean Energy Council, Clean Energy Australia report 2018, May2018, https:// 

www.cleanenergycouncil.org.au/resources/resources-hub/clean-energy-australia- 

report . 

[35] Green Energy Markets, Renewable Energy Index – Feburary 2018, May 2018, 

http://greenmarkets.com.au/news-events/renewable-energy-index-february-2018 . 

[36] Energy Networks Australia and CSIRO, Electricity Net- 

work Transformation Roadmap: final Report, April 2017, 

https://www.energynetworks.com.au/roadmap-final-report . 

[37] EPE, Plano Nacional de Energia 2030. 

[38] EIA, Monthly Energy Review: april 2018, April 25, 2018, 

https://www.eia.gov/totalenergy/data/monthly/previous.php . 

[39] EIA, Monthly Energy Review: october 2018, October 26, 2018, 

https://www.eia.gov/totalenergy/data/monthly/previous.php . 

[40] EIA, online detabase, Short-term energy outlook data brower, September 10, 2019, 

https://www.eia.gov/outlooks/steo/data/browser . 

[41] REN21, Renewables 2018 Global Status Report, GSR 2018 Data Pack, June 5, 2018, 

http://www.ren21.net/gsr-2018/ . 

[42] Lazard, Levelized Cost of Energy 2017, November 2, 2017, 

https://www.lazard.com/perspective/levelized-cost-of-energy-2017/ . 

[43] EIA, Frequently asked questions, “What is U.S. electricity generation by energy 

source? ” March 1, 2019, https://www.eia.gov/tools/faqs/faq.php?id = 427&t = 3 . 
[44] EIA, Annual Energy Outlook 2018, February 6, 2018, 

https://www.eia.gov/outlooks/archive/aeo18/ . 

156 

http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0001
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0001
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0001
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0002
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0002
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0003
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0003
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0003
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0004
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0004
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0004
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0004
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0004
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0005
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0005
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0005
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0005
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0005
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0005
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0006
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0006
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0006
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0007
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0007
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0007
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0007
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0008
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0008
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0009
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0009
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0009
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0009
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0010
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0011
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0011
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0011
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0012
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0012
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0013
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0013
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0013
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0014
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0014
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0014
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0014
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0014
https://www.bp.com/
https://ec.europa.eu/eurostat/data/database
https://ec.europa.eu/eurostat/data/database
https://ec.europa.eu/eurostat/data/database
https://www.agora-energiewende.de/en/publications/data-attachment-the-european-power-sectorin-2017/
https://ec.europa.eu/eurostat/en/web/products-press-releases/-/8-12022019-AP
https://ec.europa.eu/eurostat/web/energy/data/shares
https://ec.europa.eu/eurostat/en/web/products-press-releases/-/8-12022019-AP
https://ec.europa.eu/eurostat/web/energy/data/shares
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0025
http://refhub.elsevier.com/S2666-1233(20)30114-8/sbref0026
https://pib.gov.in/newsite/PrintRelease.aspx?relid=174832
http://www.cea.nic.in/annualreports.html
https://bnef.turtl.co/story/neo2018?teaser=true
https://www.energy.gov.au/publications/australian-energy-update-2018
http://coagenergycouncil.gov.au/publications/national-energy-guarantee-final-detaileddesign-commonwealth-elements
https://www.cleanenergycouncil.org.au/resources/resources-hub/clean-energy-australia-report
http://greenmarkets.com.au/news-events/renewable-energy-index-february-2018
https://www.energynetworks.com.au/roadmap-final-report
https://www.eia.gov/totalenergy/data/monthly/previous.php
https://www.eia.gov/totalenergy/data/monthly/previous.php
https://www.eia.gov/outlooks/steo/data/browser
http://www.ren21.net/gsr-2018/
https://www.lazard.com/perspective/levelized-cost-of-energy-2017/
https://www.eia.gov/tools/faqs/faq.php?id=427cet=3
https://www.eia.gov/outlooks/archive/aeo18/


L. Li, J. Lin, N. Wu et al. Energy and Built Environment 3 (2022) 139–157 

[45] IRENA, Query Tool, Renewable Electricity Capacity and Generation Statistics, Oc- 

tober 2018, https://www.irena.org/Statistics/View-Data-by-Topic/Capacity-and- 

Generation/Query-Tool . 

[46] IEA, Global Energy & CO2 Status Report 2017, March 2018. 

https://webstore.iea.org/globalenergy-co2-status-report-2017 . 

[47] IRENA, IEA and REN21, Renewable Energy Policies in a Time of Transition, April 

2018, https://www.irena.org/publications/2018/Apr/Renewable-energy-policies- 

in-a-time-of-transition . 

[48] IEA, 2018 Global Status Report, December 7, 2018, 

https://webstore.iea.org/2018-global-status-report . 

[49] IRENA, Global Energy Transformation: a Roadmap to 2050, 2018 edition, April 

2018, https://www.irena.org/publications/2018/Apr/Global-Energy-Transition- 

A-Roadmap-to-2050 . 

[50] GWEC, Global Wind Report 2017, (April 2017), 

https://gwec.net/publications/global-windreport-2/ . 

[51] IEA, Onshore wind Tracking Clean Energy Progress, May 24, 2019, 

https://www.iea.org/tcep/power/renewables/onshorewind/ . 

[52] IEA, Onshore wind power generation, May 24, 2019, 

https://www.iea.org/tcep/power/renewables/onshorewind/ . 

[53] IEA, Offshore wind power generation, May 28, 2019, 

https://www.iea.org/tcep/power/renewables/offshorewind/ . 

[54] GWEC, Global Wind Report Annual Market Update 2017, April 2017, 

https://gwec.net/publications/global-wind-report-2/ . 

[55] Wind Europe, Offshore Wind in Europe, March 2015, 

https://windeurope.org/about-wind/statistics/european/wind-energy-in-europe- 

in-2018/ . 

[56] GWEC, Global Wind Energy Outlook 2016, December 21, 2016, 

https://gwec.net/publications/global-wind-energy-outlook/global-wind-energy- 

outlook-2016/ . 

[57] Solar Power Europe, Global Market Outlook for Solar Power/2018-2022. 

[58] IRENA, Renewable Power generation Costs in 2017, January 2018, 

https://www.irena.org/publications/2018/Jan/Renewable-power-generation-costs- 

in-2017 . 

[59] ESTELA, Solar Thermal Electricity Global Outlook 2016, February 5, 2016, 

https://www.solarpaces.org/solar-thermal-electricity-global-outlook-2016/ . 

[60] IRENA, Geothermal power: technology brief, August 2017, 

https://www.irena.org/publications/2017/Aug/Geothermal-power-Technology- 

brief . 

[61] OES, Annual Report, An Overview of Ocean Energy Acitivties in 2017, December 

13, 2017, https://report2017.ocean-energy-systems.org/ . 

[62] IEA, World Energy Investment2018, July 2018, https://www.iea.org/wei2018/ . 

157 

https://www.irena.org/Statistics/View-Data-by-Topic/Capacity-and-Generation/Query-Tool
https://webstore.iea.org/globalenergy-co2-status-report-2017
https://www.irena.org/publications/2018/Apr/Renewable-energy-policies-in-a-time-of-transition
https://webstore.iea.org/2018-global-status-report
https://www.irena.org/publications/2018/Apr/Global-Energy-Transition-A-Roadmap-to-2050
https://gwec.net/publications/global-windreport-2/
https://www.iea.org/tcep/power/renewables/onshorewind/
https://www.iea.org/tcep/power/renewables/onshorewind/
https://www.iea.org/tcep/power/renewables/offshorewind/
https://gwec.net/publications/global-wind-report-2/
https://windeurope.org/about-wind/statistics/european/wind-energy-in-europe-in-2018/
https://gwec.net/publications/global-wind-energy-outlook/global-wind-energy-outlook-2016/
https://www.irena.org/publications/2018/Jan/Renewable-power-generation-costs-in-2017
https://www.solarpaces.org/solar-thermal-electricity-global-outlook-2016/
https://www.irena.org/publications/2017/Aug/Geothermal-power-Technology-brief
https://report2017.ocean-energy-systems.org/
https://www.iea.org/wei2018/


Energy and Built Environment 3 (2022) 158–170 

Contents lists available at ScienceDirect 

Energy and Built Environment 

journal homepage: http://www.keaipublishing.com/en/journals/energy-and-built-environment/ 

Characterization of a new total heat recovery system using CaCl 2 

as 

working fluid: Thermal modeling and physical analysis 

Chenghu Zhang, Yibo Zhao, Xiaomeng Shi, Xinpeng Huang 

∗ 

School of Architecture, Harbin Institute of Technology, Harbin, Heilongjiang, PR China 

a r t i c l e i n f o 

Keywords: 

Hot and wet waste gas 

Waste heat recovery 

Heat and mass transfer 

System features 

a b s t r a c t 

This paper introduces a kind of open cycle absorption heat wet flue gas heat recovery system, which use CaCl 2 
as the working medium. The system will use the wet heat recovery method and combined with an efficient heat 

pump system for flue gas as a heat source generator. Through direct contact with the solution in the absorber, 

the flue gas is going to carry out gas, liquid heat transfer between heat exchanger, realization of sensible heat 

and latent heat step by step. 

As the key part of the system, absorber is established by one-dimensional steady-state heat transfer and mass 

transfer model. This paper uses the finite difference method to model the discrete numerical methods, and an- 

alyzes the characteristics of heat and mass transfer in the absorber. We obtain the concentration curves of the 

three kinds of working medium’s temperature and flow along the height direction. We also analyze the influence 

of CaCl 2 solution parameters changes on the absorption process, parsing the reason of the temperature change 

by analyzing the three working medium’s energy flow trend. We found that the temperature change of flue gas is 

non-monotonic, which decreases gradually in the range of absorption tower height 0–0.9 m, and then increases 

gradually. The reason for this change is that sensible heat exchange and latent heat exchange exist between flue 

gas and solution. Although such a change has an impact on the efficiency of the system, it prevents the "white 

smoke" from condensing in the air, which effectively protects the environment. Compared with conventional LiBr 

absorption heat pump, the system constructed in this paper has certain advantages in latent heat recovery, flue 

gas heat energy utilization, energy conservation and emission reduction and economy. 

1. Instruction 

At present, the task of energy conservation and emission reduction 

in China is still severe. The more direct and efficient solution is to carry 

out energy system optimization and energy-saving technological trans- 

formation for industries, and make full use of waste heat in energy con- 

sumption equipment of industrial enterprises. China is rich in industrial 

waste heat resources, but the comprehensive utilization rate is low. With 

the environmental problems caused by the combustion of a large num- 

ber of fossil fuels are more and more serious, it is of great significance 

to recycle waste heat fully and rationally. 

At present, many experts and scholars are studying various ways to 

recycle waste heat. Pashchenko Dmitry [1 , 2] from Samara State Techni- 

cal University used methanol, ethanol and other biofuels for industrial 

thermochemical waste heat recovery. Using the heat recovery system of 

ethanol steam reforming, they put forward a design scheme of a ther- 

∗ Corresponding author. 

E-mail address: huangxinpeng@hit.edu.cn (X. Huang). 

mochemical fuel oil consumption equipment. Through calculation and 

analysis, good results have been obtained in waste heat recovery. 

Haoran Zhen, Wenliang Feng et al. [3] carried out practical tests 

through existing flue gas waste heat recovery engineering transforma- 

tion projects, and analyzed the energy-saving and economic perfor- 

mance of heat storage technology in flue gas waste heat recovery. The 

flue gas waste heat recovery in the whole heating season is realized by 

using the heat storage technology, and the running time of the heating 

season of the waste heat recovery unit is extended. The gas utilization 

efficiency of the heat source is improved. 

Hongzhi Zhang, Zongwei Han [4] . have studied the performance and 

cost of GSHP at different depths by establishing a three-dimensional 

dynamic simulation platform, which provides a better solution for waste 

heat recovery. 

Yue Lifang et al. [5] proposed a recovery device to collect waste heat 

from gas combustion, which uses the cold water in the heat collection 
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Nomenclature 

Latin symbols 

𝐴 Heat transfer area, m 

2 

𝐴 𝑒𝑥 Heat exchange area of solution heat exchanger, m 

2 

𝑐 heat capacity, KJ/(kg •°C) 

𝑐 𝑝 𝑙 Average specific heat of saturated water at constant 

pressure 

𝐹 𝑐𝑜𝑛 Condenser heat exchange area, m 

2 

𝐹 𝑞𝑠 Heat exchange area of gas-water heat exchanger, m 

2 

𝐺 Flow, kg/h 

ℎ Specific enthalpy of saturated water vapor, kJ/kg 

𝐾 Heat transfer coefficient 

𝐾 𝑐𝑜𝑛 Condenser heat transfer coefficient, W/(m2 •k) 

𝐾 𝑒𝑥 Heat exchanger coefficient of solution heat exchanger, 

W/(m 

2 •k) 

𝐾 𝑞𝑠 Heat transfer coefficient of air-water heat exchanger, 

W/(m 

2 •k) 

𝑚 𝑎 Dry flue gas flow, kg/s 

Greek alphabet 

𝛼 Solution circulation rate 

𝑚 𝑙 Solution flow, kg/s 

𝑑 𝑚 𝑣 Mass change on the micro element mass change on the 

micro element 

𝑚 𝑤 Cooling water circulation flow, kg/s 

𝑄 𝑐 Condenser heat load, kW 

𝑄 𝑒𝑥 Thermal load of solution heat exchanger, kW 

𝑄 𝑞𝑥 Heat load of air-water heat exchanger, kW 

𝑡 1 Inlet temperature heat source flue gas, °C 

𝑡 2 Outlet temperature of heat source flue gas, °C 

𝑡 8 Concentrated solution temperature at generator outlet, 

°C 

𝑡 𝑐𝑜𝑛 Condensing temperature, °C 

Δ𝑡 𝑚 Heat exchanger average temperature difference, °C 

𝑡 𝑤𝑖 Cooling water temperature of node i, °C ( i = 1–4) 

𝑥 𝑖 Molar concentration of water vapor on the liquid side at 

the interface 

hood as the medium to absorb the excess heat emitted during gas com- 

bustion, and the generated hot water enters the storage tank for storage 

and reuse. This device not only realizes the effective use of energy, but 

also improves the use efficiency of gas. 

With the continuous development of waste heat recovery technol- 

ogy, heat pump systems represent an increasing market share in the 

building heating and cooling segment [6] . Open cycle absorption heat 

pump has been widely used as an efficient waste heat recovery system. 

The research progress and results of open cycle absorption heat recovery 

system for waste heat recovery are summarized as follows. 

At the beginning of the 19th century, the theory of absorption heat 

pump was first proposed. In 1981, B.C.L and A.C.C. (Adolph Coors Com- 

pany) [7] jointly developed a prototype of absorption heat pump, and 

started mass production of such devices for waste heat recovery in oil 

refining, paper making, power plants and food processing. 

Fu Lin [8] of Tsinghua University et al. established a flue gas con- 

densing waste heat recovery technology combining an absorption heat 

pump with a gas boiler, which solved the problem that the return water 

temperature is too high to recover the flue gas condensing heat. This 

technology can increase the efficiency by more than 5% compared with 

the existing boiler flue gas condensing heat recovery technology. 

Swiss scholar Lars Westerlund [9 , 10] et al. improved and studied the 

wood drying system of a sawmill in northern Switzerland, and used the 

open-cycle absorption heat recovery system to dry and exhaust wood 

for recovery, with significant heat saving. 

In 2011, Itaf University, together with Asyut and Mansura Univer- 

sity, proposed an open cycle absorption refrigeration cycle for solution 

regeneration driven by solar energy [11] . The system process is shown 

in Fig. 1 . The system which adopt CaCl 2 and LiCl 2 mixed solution as 

the working medium have a high performance coefficient. The outlet 

cooling water can be used as domestic hot water. 

Ye Bicui et al. [12 , 13] of Zhejiang university analyzed the system 

performance through modeling. Aiming at the drying process with high 

energy consumption, a new two-stage open absorption heat pump sys- 

tem was proposed for the purpose of recovering the latent heat in the 

exhaust gas and generating the required steam, which provided a good 

way to improve the energy utilization efficiency of drying process. 

Ma Lianqiang et al. [14] , taking the chlor-alkali plant of an oil com- 

pany as the design background, constructed an open cycle absorption 

heat recovery system, and took the low-pressure steam of a four-effect 

evaporator at the end of the chlor-alkali evaporation section as the re- 

covery object, recovered waste heat for preheating brine. The applica- 

tion of this technique expands the application scope of open system. 

Wang Fang et al. [15] proposed a depth recovery technology of boiler 

flue gas waste heat based on absorption heat pump equipment, elabo- 

rated the overall construction of the technology, the composition and 

working principle of each subsystem, and provided guidance for the pro- 

motion and application of the technology in practical engineering. 

At present, the latent heat recovery of flue gas in China is mainly 

carried out through flue gas condensation heat recovery unit, which is 

referred to as dry method. This indirect heat transfer method can com- 

bine the flue gas condensing heat recovery unit and the gas boiler to 

construct the flue gas latent heat recovery boiler with tail condensing. 

However, because of using water as the medium, the system’s recovery 

heat is limited. For medium and low temperature heating, with return 

water as the cooling medium to recover the waste heat, the inlet tem- 

perature is lower, recovery efficiency is not high. 

In view of the existing latent heat of flue gas recycling technology 

still exist many problems, on the basis of the implementation cycle of 

latent heat absorption flue gas to simplify the system components, this 

paper presents an open cycle absorption heat wet flue gas heat recovery 

system, which is superior to the conventional wet flue gas heat recovery 

method. The specific system diagram is shown in Fig. 2 . The system’s 

generator is closed, the absorber is open, and the operating pressure is 

atmospheric. The operating pressure of the absorber is adjusted accord- 

ing to the regenerative quality and heating temperature. The system 

driven by the exhaust smoke of the boiler and gas turbine power unit, 

the flue gas first enters the generator as a high-temperature heat source 

for solution regeneration. After releasing heat to cool down, it enters the 

absorber and comes into contact with the solution. Its heat is absorbed 

by the solution and then comes out. The low-temperature water coming 

from the outer network first enters the absorber, which can take away 

part of the heat emitted during the absorption process. Then, it conducts 

secondary gas-water heat exchange with the process steam generated by 

the generator. Finally, it conducts heat exchange with the flue gas flow- 

ing from the regenerator to produce the final medium-high temperature 

hot water. The reclaimed steam condenses into water through the con- 

denser and the condensed water is recovered. Since the heat released in 

the process of absorption and condensation is obtained by the conden- 

sation of steam in the flue gas, the sensible heat and latent heat can be 

recovered and utilized. 

The system can simultaneously recover the latent heat of flue gas 

and water, the recovered water is not acidic and has high water quality. 

This method breaks through the limitation of the previous condensa- 

tion method, effectively combines the wet heat recovery method with 

the heat pump system, and conducts gas-liquid heat exchange for many 

times to ensure that the total heat of flue gas is recovered step by step. 

At the same time, absorption heat pump has unique advantages in low- 

grade waste heat recovery and quality improvement. For example, it can 

be driven directly by heat, avoiding extra energy consumption caused by 
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Fig. 1. Schematic diagram of solar regenerative open cycle absorption refrigeration cycle. 

Fig. 2. Open cycle absorption heat recovery system. 

electricity consumption. The system is more simple and reliable, elimi- 

nating the need for evaporator and condenser, no rotating parts except 

a few solution pumps and other auxiliary machines, and the failure rate 

is very low. It is a new and efficient latent heat recovery and utilization 

technology of flue gas that can be developed. 

2. System model 

2.1. Selection of working medium for the system 

In the system cycle, the physical properties of the working medium 

have a great impact on the system performance and efficiency, and also 

affect the initial investment and operating costs of the system. There- 

fore, it is necessary to select the working medium, study the physical 

properties and determine the accurate and detailed physical properties 

equation for the subsequent model calculation of the system. 

Many scholars have conducted relevant researches on the selection 

of working medium of the system. 

Yin Ming [16] studied the falling film absorption process of the ver- 

tical tube with lithium bromide solution. After the selection of various 

heat exchange tubes was optimized, the numerical model of heat and 

mass exchange during the absorption process was established by using 

the micro-element analysis method for the falling film absorption pro- 

cess. 

Islam, etc. [17] put forward a new form of gas-liquid contact, in 

the reversal of the plate type liquid membrane absorption way and add 

deflector device, introducing the solution form upper horizontal tube 

bundle to the below lines, to ensure the solution to absorb water vapor 

with higher levels, significantly increase the absorption rate of per unit 

area, and makes the system greatly enhance the heat and mass transfer 

efficiency. 

Cheng Wenlong [18] added n-octyl alcohol and iso-octyl alcohol to 

the LiBr solution to enhance the heat and mass exchange process in the 

solution absorption process. 

Lu Yuan et al. [19] took CaCl 2 solution as the absorption working 

medium and set up a vertical tube falling film absorber experimental 

table. The experimental study showed that the mass transfer effect of 

the absorption process was better when the concentration range of the 

solution was between 34% ~ 51%, and the temperature of the solution 

was above 45°C. 

Yang Yongping et al. [20] proposed the chemical potential analysis 

theory for the absorption process of water vapor, taking the chemical 

potential as the main driving potential of mass transfer and improving 

the solution absorption characteristics of the absorber in the system. 

The above research shows that the heat and mass transfer absorp- 

tion process can be enhanced by changing the gas-liquid contact mode, 

adding surfactant and efficient heat exchange tube. It can be seen that 

the absorption working medium of the system has a great influence on 
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the heat and mass transfer process. Carrying out the research has im- 

portant significance to the working medium. 

Commonly used metal halide solution absorbers in absorption heat 

pumps are LiBr solution, LiCl solution and CaCl 2 solution. Therefore, 

this paper intends to make a comprehensive comparison of these three 

working medium, and select the working medium pair according to the 

comparison results. This paper makes a comparison mainly from the 

following four aspects: 

1) Vapor pressure and dehumidification capacity: The absorbability of 

a solution is usually evaluated by the saturated vapor pressure on 

the surface of the solution, which is only related to the temperature 

and concentration of the solution. At the same temperature and mass 

concentration, LiCl solution has better moisture absorption and de- 

humidification performance than LiBr solution and CaCl 2 solution 

when it is in equilibrium with the wet air in contact. 

2) Regeneration temperature: At equilibrium with the wet air in con- 

tact, LiBr and CaCl 2 solutions regenerate more easily than LiCl solu- 

tions due to the low relative humidity of LiCl solution. As the regen- 

eration temperature of CaCl 2 solution is relatively low, it can make 

full and effective use of the low temperature heat source. 

3) Corrosion: The corrosion of a solution is determined by its acidity, al- 

kalinity and temperature at the same molarity. The PH values of the 

three solutions compared in this paper were sorted as: LiBr > LiCl > 

CaCl 2 .CaCl 2 solution is relatively acidic, and the increase of acidity 

and temperature will increase the corrosion, which is more corro- 

sive to metal. However, considering that the PH values of the three 

working substances are similar, and the regeneration temperature of 

LiBr and LiCl solution is higher, which enhances the corrosion of the 

solution, CaCl 2 solution is relatively less corrosive to the metal. 

4) Economy: The price of anhydrous LiBr for domestic industry in China 

is 48,000–56,000 ¥/t, the price of anhydrous LiCl is 34,000–41,000 

¥/t, and the price of anhydrous CaCl 2 is 1480–1850¥/t. Using the 

same volume of desiccant solution, the price of a 55% LiBr solution 

will be about 90 times that of a 50% CaCl 2 solution. Therefore, it is 

more economical to use CaCl 2 as working medium. 

On the whole, as a commonly used working medium, LiBr/H 2 O has 

excellent comprehensive performance. However, as a circulating work- 

ing medium, water has higher requirements on the temperature of the 

prepared cold source. Beyond that, highly corrosive solution and vac- 

uum degree of system equipment are also this working medium’s de- 

fects. Although CaCl 2 solution’s absorption performance is not as good 

as the LiBr solution and the LiCl solution at the same mass concentra- 

tion and temperature, its price is far lower than them, with obvious cost 

advantages. Especially in the case that the absorber is an open form and 

the absorbent is prone to deterioration and failure due to long-term di- 

rect contact with the environment, CaCl 2 solution has great advantages. 

Therefore, due to CaCl 2 solution’s good economy, low corrosion and 

low regeneration temperature, it can make full use of low temperature 

heat source, so this paper preliminarily plans to use CaCl 2 solution as 

an absorbent. 

2.2. System modeling 

2.2.1. The establishment and solution of absorber model 

In the open cycle absorption heat recovery system, the absorber is 

the key part to recovery the latent heat. In the absorber, the heat and 

mass exchange process of flue gas and solution is relatively complex, so 

it is preferred to carry out corresponding modeling and solution for the 

absorber. 

1 The establishment of absorber model 

In the absorption process, when the flue gas and solution contact, due 

to different solubility, soluble components will enter the solution, the 

insoluble components are retained in the flue gas, flue gas water vapor 

and other gas components can be separated. At present, the absorption 

methods to realize this process mainly include spray tower, membrane 

tower and packed tower [21] . Considering that in the absorption process 

of the packed absorber, the operation is elastic, the production capacity 

is great and the separation efficiency is high, which can provide a large 

surface area in a relatively small volume to promote efficient heat and 

mass transfer, the filler is selected to fill the absorber interior to realize 

the heat and mass exchange between the flue gas and the solution. The 

packing tower is filled with special materials to form the packing layer. 

During the packing absorption process, liquid is sprayed from the top of 

the absorbing tower to the packing surface through a liquid distributor 

and flows down. After entering from the bottom of the tower and being 

distributed by the gas distribution device, the gas will continuous con- 

tact with the liquid in reverse flow through the gap of the packing layer 

for heat and mass transfer. The composition and parameters of the flue 

gas and solution change continuously along the tower. 

Before modeling, the following reasonable assumptions were made 

to simplify the heat and mass transfer model: 

1) Since the system is in the state of steady-state open absorption, the 

operating pressure is assumed to remain unchanged at atmospheric 

pressure; 

2) In order to simplify the heat and mass transfer process in the spray 

tower, it is assumed that the parameter distribution in the absorp- 

tion zone is one-dimensional and stable, that is, the parameter only 

changes along the vertical direction; 

3) Since the system is in a steady state, it can be assumed that the mass 

transfer process between gas-liquid two phases is in an equilibrium 

state, which means that the flue gas and the solution have uniform 

rising and falling speeds respectively; 

4) In an ideal situation, flue gas only conducts heat exchange with 

CaCl 2 solution. Therefore, it is assumed that the outer wall of cool- 

ing water pipe is completely wetted by the solution, and there is no 

heat transfer between flue gas and cold water. 

5) In an ideal situation, there is no temperature difference between the 

temperature at the gas-liquid interface and the main body of the 

solution, so it is assumed that the temperature of the two is the same; 

6) Compared with the heat and mass exchange process in the system, 

the environmental heat dissipation loss can be ignored. 

Control Body are as follows of micro analysis, the partial pressure 

difference between the CaCl 2 solution and the flue gas during the spray 

absorption is the driving force for the water vapor to enter the liquid 

phase from the gas phase. In the absorption process, a large amount of 

latent heat will be released along with condensation of water vapor, the 

heat and mass exchange will occur simultaneously in the boundary layer 

of both, so the heat and mass transfer are coupled in the absorption pro- 

cess. To establish accurate energy and mass balance equations for two - 

phase continuous contact is the key to establish absorber model. Fig. 3 

shows the energy and mass balance analysis of the absorber control body 

and its control unit at the micro element height. Specific energy and 

mass balance equations of gas side, liquid side and control body are as 

follows: 

Energy balance equation: 

The gas side: 

𝑚 𝑎 × 𝑐 𝑝 𝑎 × 𝑇 𝑎 + 𝑚 𝑣 × 𝑐 𝑝 𝑣 × 𝑇 𝑎 = 𝑚 𝑎 × 𝑐 𝑝 𝑎 × ( 𝑇 𝑎 + 

d 𝑇 𝑎 ) + ( 𝑚 𝑣 − d 𝑚 𝑣 ) × 𝑐 𝑝 𝑣 × ( 𝑇 𝑎 + d 𝑇 𝑎 ) + d 𝑞 𝑙 
(1) 

The solution side: 

𝑚 𝑙 × 𝑐 𝑝 𝑙 × 𝑇 𝑙 + d 𝑚 𝑙 × ℎ ′( 𝑇 𝑖 ) +d 𝑞 𝑙 = ( 𝑚 𝑙 + d 𝑚 𝑙 ) × 𝑐 𝑝 𝑙 × ( 𝑇 𝑙 + d 𝑇 𝑙 ) + 𝑞 lw (2) 

The water side: 

𝑚 𝑤 × 𝑐 𝑝 𝑤 × d 𝑇 𝑤 = 𝑞 𝑙𝑤 (3) 

The control body: 

𝑚 𝑎 × 𝑐 𝑝 𝑎 × 𝑇 𝑎 + 𝑚 𝑣 × 𝑐 𝑝 𝑣 × 𝑇 𝑎 + 𝑚 𝑙 × 𝑐 𝑝 𝑙 × 𝑇 𝑙 + d 𝑚 𝑙 × ℎ ′( 𝑇 𝑖 ) 
= 𝑚 𝑎 × 𝑐 𝑝 𝑎 × ( 𝑇 𝑎 + d 𝑇 𝑎 ) + ( 𝑚 𝑣 − 𝑑 𝑚 𝑣 ) × 𝑐 𝑝 𝑣 × ( 𝑇 𝑎 + d 𝑇 𝑎 ) 
+( 𝑚 𝑙 + d 𝑚 𝑙 ) × 𝑐 𝑝 𝑙 × ( 𝑇 𝑙 + d 𝑇 𝑙 ) + d 𝑞 𝑙𝑤 

(4) 
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Fig. 3. Absorber control unit. 

Fig. 4. Mass transfer process unit. 

Mass balance equation of control body: 

𝑑 𝑚 𝑙 = 𝑑 𝑚 𝑣 (5) 

Heat transfer equation: 

𝑑 𝑞 𝑙 = ℎ 𝑔 × 𝑎 × 𝐴 × ( 𝑇 𝑎 − 𝑇 𝑙 ) × 𝑑𝑧 (6) 

𝑑 𝑞 𝑙𝑤 = 𝑈 × 𝐴 𝑝 × ( 𝑇 𝑙 − 𝑇 𝑤 ) × 𝑑𝑧 (7) 

Mass transfer equation: 

𝑑 𝑚 𝑣 = 𝑘 𝑚 × 𝑎 × 𝐴 × ( 𝑋 𝑖 − 𝑋) × 𝑑𝑧 (8) 

After building the model of absorber control unit, the mass trans- 

fer process unit should be analyzed. In the process of spray absorption, 

when the partial pressure of water vapor in the moisture body is greater 

than the saturated vapor pressure on the solution surface, with the im- 

petus of this potential difference, the water vapor enters the liquid phase 

from the gas phase. The whole absorption process can be divided into 

three steps: 1) The water vapor diffuses from the main body of the gas 

phase to the gas side of the gas-liquid interface; 2) Mass transfer of wa- 

ter vapor at the interface; 3) Water vapor diffuses from the liquid side of 

gas-liquid interface to the main part of the liquid phase. The mass trans- 

fer process of micro element of mass transfer unit is shown in Fig. 4 . 

Interface mass transfer equation (x and y in the following equation 

represent the mole fraction of water vapor): 

According to the literature [22] , gas side mass transfer rate equation: 

𝑑𝑦 = − ℎ 𝑚𝑔 𝑑𝐴 ln 
( 

1 − 𝑦 𝑖 

1 − 𝑦 

) 

(9) 

Liquid side mass transfer rate equation: 

𝑑𝑥 = ℎ 𝑚𝑙 𝑑𝐴 ln 
( 

1 − 𝑥 𝑖 

1 − 𝑥 

) 

(10) 

For the steady-state absorption process, the mass transfer rates of gas 

and liquid phases should be equal. The above two equations can be com- 

bined to obtain the equilibrium equation of the 𝑦 𝑖 − 𝑥 𝑖 interface: 

𝑦 𝑖 = 1 − (1 − 𝑦 ) 
( 

1 − 𝑥 

1 − 𝑥 𝑖 

) ℎ 𝑚𝑙 ∕ ℎ 𝑚𝑔 
(11) 

So far, a one-dimensional steady-state heat and mass transfer model 

was established for the absorber. After reasonable assumptions were 

provided, accurate energy and mass balance equations were established 

for the working medium in continuous contact with two phases, and 

mass transfer interface equations were added to facilitate subsequent 

difference numerical solutions. 

2 The solution of absorber model 

According to the calculation formula of heat and mass equation, com- 

bined with the filling and other forms of components in the absorber, the 

initial conditions can be preliminarily selected and calculated according 

to the process of differential numerical solution method. 

Before the numerical calculation of the model, the region should be 

discretized first. In this paper, the steady-state one-dimensional process 

along the height of the absorption tower is investigated by the estab- 

lished model. Therefore, the absorber is divided into 100 sections along 

the effective height, and the whole absorption tower is calculated by 
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discrete method. In order to realize good mass transfer and heat trans- 

fer, the solution flows downward in the absorption tower, and the flue 

gas and cooling water flow in and out in reverse with the solution. The 

whole calculation starts from the bottom of the tower. Considering that 

the solution inlet is above the absorption tower, the assumed initial val- 

ues of the solution outlet temperature and flow parameters should be 

given at the bottom of the absorption tower, and the secondary initial 

values should be continuously revised according to the given solution 

inlet parameters until the simulated calculation results of the solution 

outlet parameters are obtained. The final process of simulation calcula- 

tion is as follows: 

First enter the flue gas inlet parameters, cooling water, solution as 

the initial condition, reasonable assumptions export state parameter so- 

lution as the starting point, after simultaneous interface (11) and the 

balance relation between the solution surface vapor pressure formula, 

obtained the interface liquid molar concentration 𝑥 𝑖 of water vapor, and 

connecting with the mass transfer coefficient d 𝑚 𝑣 calculation on the in- 

finitesimal quality change, take the first n infinitesimal section to indi- 

cate the calculation process: 

𝑦 𝑛 
𝑖 
= 1 − (1 − 𝑦 𝑛 ) 

( 

1 − 𝑥 𝑛 

1 − 𝑥 𝑖 
𝑛 

) ℎ 𝑚𝑙 ∕ ℎ 𝑚𝑔 
(12) 

𝑃 𝑛 
𝑠 
= 𝑦 𝑖 

𝑛 𝑃 𝑎 = 𝑓 ( 𝑡 𝑛 , 𝜀 𝑛 ) (13) 

𝑑 𝑚 𝑣 
𝑛 = 𝑘 𝑚 × 𝑎 × 𝐴 × ( 𝑋 𝑖 

𝑛 − 𝑋 

𝑛 ) × 𝑑𝑧 (14) 

Calculating the heat transfer coefficient of solution - flue gas and solu- 

tion - cooling water, and combining the unit volume contact area and 

temperature difference to calculate the 𝑑 𝑞 𝑙 , 𝑑 𝑞 𝑙𝑤 : 

𝑑 𝑞 𝑙 
𝑛 = ℎ 𝑔 × 𝑎 × 𝐴 × ( 𝑇 𝑎 𝑛 − 𝑇 𝑙 

𝑛 ) × 𝑑𝑧 (15) 

𝑑 𝑞 𝑙𝑤 
𝑛 = 𝑈 𝑙 × 𝐴 𝑝 × ( 𝑇 𝑙 𝑛 − 𝑇 𝑤 

𝑛 ) × 𝑑𝑧 (16) 

Put into the equation of controlling energy and mass balance. Since the 

number of equations is equal to the number of unknowns, the node vari- 

able on the micro element, namely temperature change 𝑑 𝑡 𝑙 , 𝑑 𝑡 𝑎 , 𝑑 𝑡 𝑙𝑤 , can 

be solved: 

𝑑 𝑡 𝑙 
𝑛 = 

𝑚 𝑙 
𝑛 × 𝑐 𝑝 𝑙 × 𝑇 𝑙 𝑛 + 𝑑 𝑞 𝑙 

𝑛 − ( 𝑚 𝑙 
𝑛 + 𝑑 𝑚 𝑣 

𝑛 ) × 𝑐 𝑝 𝑙 𝑛 × 𝑇 𝑛 𝑙 − 𝑞 𝑛 
𝑙𝑤 

( 𝑚 𝑙 
𝑛 + 𝑑 𝑚 𝑣 

𝑛 ) × 𝑐 𝑝 𝑙 
(17) 

𝑑 𝑡 𝑎 
𝑛 = 

𝑑 𝑚 𝑣 
𝑛 × 𝑐 𝑝 𝑣 𝑛 × 𝑇 𝑛 𝑎 − 𝑑 𝑞 𝑙 

𝑛 − 𝑑 𝑚 𝑣 
𝑛 × ℎ 𝑣 ( 𝑇 𝑛 𝑖 ) 

𝑚 𝑎 
𝑛 × 𝑐 𝑝 𝑎 + ( 𝑚 𝑣 

𝑛 − 𝑑 𝑚 𝑣 
𝑛 ) × 𝑐 𝑝 𝑣 

(18) 

𝑑𝑡 𝑛 
𝑤 
= 

𝑈 × 𝐴 𝑝 × ( 𝑇 𝑛 
𝑎 
− 𝑇 𝑛 

𝑤 
) 

𝑚 𝑤 
𝑛 × 𝑐 𝑝 𝑤 

(19) 

Differential calculation in turn n = 100 times, until figure out the 

top of the absorber inlet solution of temperature and flow rate param- 

eter values. According to the difference between the calculated value 

of solution parameters and the actual input value, the initial value of 

the hypothesis is continuously modified, and the correction amount is 

0.1 ∗ (tl_out (n + 1) -tl_in) superposed on the basis of the initial value of 

the hypothesis for each correction, and the same is true for the flow 

correction. When the absolute value between the calculated solution in- 

let parameters and the actual inlet parameters is less than or equal to 

0.001, the cycle is broken out and correction is stopped, and finally the 

output point state parameters of solution, flue gas and cooling water are 

obtained. 

2.2.2. Establishment of other component models 

The model of open cycle absorption heat recovery system is to con- 

nect the mathematical model of each part into the system, which com- 

pletes the preliminary modeling of the solution absorption process. 

Other components should also be studied, including generator, con- 

denser, air-water heat exchanger, solution heat exchanger, expansion 

valve and pump. 

1 The establishment of generator model 

The system uses the flue gas as the heat source of the generator. In 

the generator, the solution is used as the mixed liquid, in which the 

water vapor component is evaporated, while the concentrated solution 

will leave the system and enter the absorber, in a process similar to the 

evaporator. The purpose of the generator setup is,when the concentrated 

solution absorption flue gas of latent heat in the absorber, with low con- 

centration led to the decrease of the absorptive capacity, to restore its 

absorption ability, the generator will absorb the fluid to heating, and 

the steam was isolated, thus make the solution in the absorber is con- 

centrated, then back to the absorber, completing the circulation of the 

solution, implementation of full heat recovery of flue gas and water va- 

por mass use. 

When modeling the generator, the following assumptions are made: 

1) Due to the steady-state operation of the heat recovery system, it can 

be assumed that both the absorber and the generator reach the work- 

ing medium equilibrium state; 

2) In the ideal case, according to the conservation of energy, it can be 

assumed that the pressure generated by the solution is equal to the 

condensing pressure of the water vapor; 

3) Considering the conservation of energy and mass of the whole sys- 

tem, the heat loss of the generator, pressure drop of the pipeline 

and heat loss are ignored, that is, the heat exchange between each 

component and the environment is ignored; 

4) Ignore the pump work of solution pump and solvent pump. 

The thermal load and energy conservation formulas of the relevant 

generator components are as follows. The digital corner mark corre- 

sponds to each state point in Fig. 2: 

𝑄 𝑔𝑒𝑛 = ( 𝑚 𝑎 + 𝑚 𝑣 ) 𝑐 𝑝 ℎ ( 𝑡 1 − 𝑡 2 ) = ( 𝑚 𝑙 − 𝑚 𝑟 ) ℎ 8 + 𝑚 𝑟 ℎ 9 − 𝑚 𝑙 ℎ 7 (20) 

𝑄 𝑔𝑒𝑛 = 𝐾 𝑔𝑒𝑛 𝐹 𝑔𝑒𝑛 Δ𝑡 𝑚 (21) 

In the actual process, with the change of the mass fraction and tem- 

perature of the solution, the outlet steam temperature of the generator is 

always changing. In the model calculation, the outlet steam temperature 

of the generator can be replaced by the concentrated solution temper- 

ature at the outlet of the generator and the mean temperature at the 

initial boiling point of the solution in the generator. The temperature of 

boiling point is related to the concentration of solution and the pressure 

state in the generator. According to the equation of physical property 

of solution, 𝑃 𝑠 = 𝑦 𝑖 𝑃 𝑎 = 𝑓 ( 𝑡, 𝜀 ) , the boiling point temperature of the so- 

lution is obtained, and the outlet steam temperature of the generator is 

finally obtained: 

𝑡 9 = 

𝑡 ′9 + 𝑡 8 

2 
(22) 

2 Establishment of solution heat exchanger model 

In the process of the system cycle, reference of absorption refrigera- 

tion system settings, usually between the absorber and generator shall 

be equipped with solution pump, but as a result of the absorber sys- 

tem for the open type, the operating pressure is atmospheric pressure, 

the single solution pump can’t meet the full cycle solution between two 

tanks, so adding a solution pump in the export section, making the heat 

exchange occur between the concentrated solution and the dilute so- 

lution. The dilute solution is preheating, the concentrated solution is 

cooled. 

The solution heat exchanger is usually arranged in a countercurrent 

way. The two fluids for heat transfer in the solution heat exchanger are 

CaCl 2 dilute solution and CaCl 2 concentrated solution respectively. The 

corresponding heat exchange energy balance equation is: 

𝑄 𝑒𝑥 = 𝑚 𝑙 ( ℎ 7 − ℎ 6 ) = ( 𝑎 − 1) 𝑚 𝑟 ( ℎ 8 − ℎ 5 ) (23) 

𝑄 𝑒𝑥 = 𝐾 𝑒𝑥 𝐹 𝑒𝑥 Δ𝑡 𝑚 (24) 
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3 Establishment of condensing heat exchanger model 

The steam from the generator outlet enters the condenser to achieve 

the second heat recovery of the cooling water. The whole modeling pro- 

cess is similar to the generator model. 

The energy balance equation is: 

𝑄 𝑐 = 𝑚 𝑤 𝑐 𝑝 𝑤 ( 𝑡 𝑤 3 − 𝑡 𝑤 2 ) = 𝑚 𝑟 ( ℎ 9 − ℎ 10 ) (25) 

𝑄 𝑐 = 𝐾 𝑐𝑜𝑛 𝐹 𝑐𝑜𝑛 Δ𝑡 𝑚 (26) 

In the process of condensation, the coolant vapor is cooled by the 

cooling water to condense the coolant water, so one of the two fluids 

has a phase transition. In 1958, scientists of the former Soviet Union 

proposed Sokolov formula [23] , which is mainly used to solve the heat 

transfer area according to the equipment load. After sorting out the orig- 

inal formula, the corresponding heat transfer area solution formula can 

be obtained as follows: 

𝑄 

Δ
= 

1 
𝑏 

𝐺𝐶 
+ 

1 
𝐾𝐴 

= 

1 
0 . 65 
𝐺𝐶 

+ 

1 
𝐾𝐴 

(27) 

The corresponding average heat transfer temperature difference is ap- 

proximately calculated by the following formula, 𝑡 𝑤 1 , 𝑡 𝑤 2 , 𝑡 𝑤 3 , 𝑡 𝑤 4 repre- 

sents the cooling water temperature of node 11-14 respectively: 

Δ𝑡 𝑚 = 𝑡 10 − 𝑡 𝑤 2 − 0 . 65( 𝑡 𝑤 3 − 𝑡 𝑤 2 ) (28) 

4 The establishment of gas - water heat exchanger model 

Gas water heat exchanger is the last part that the cooling water flows 

through. The gas, out of the heat exchanger, will enter the absorber to 

realize the latent heat recovery. Before and after the process, the flue gas 

won’t change the phase in and out of the heat exchanger, therefore it’s 

important to ensure that the flue gas outlet temperature below the dew 

point, strictly control the heat transfer area and the inlet temperature of 

cooling water. 

Before the flue gas from the generator outlet enters the absorber, it 

will be exchanged again through the gas-water heat exchanger to reduce 

the working medium temperature entering the absorber and improve the 

absorption effect. The heat exchange of the gas-water exchanger will be 

taken away by the incoming cooling water to realize the extraction of 

sensible heat of flue gas and the final discharge system. The specific 

modeling equation is: 

The energy balance equation is: 

𝑄 𝑞𝑠 = 𝑚 𝑤 𝑐 𝑝 𝑤 ( 𝑡 𝑤 4 − 𝑡 𝑤 3 ) = ( 𝑚 𝑎 + 𝑚 𝑣 ) 𝑐 𝑝 ℎ ( 𝑡 2 − 𝑡 3 ) (29) 

𝑄 𝑞𝑠 = 𝐾 𝑞𝑠 𝐹 𝑞𝑠 Δ𝑡 𝑚 (30) 

The average heat transfer temperature difference is approximately cal- 

culated by the following formula: 

Δ𝑡 𝑚 = 𝜀 
( 𝑡 2 − 𝑡 𝑤 4 ) − ( 𝑡 3 − 𝑡 𝑤 3 ) 

ln 𝑡 2 − 𝑡 𝑤 4 
𝑡 3 − 𝑡 𝑤 3 

(31) 

In summary, for the absorber, according to the process conditions 

and material balance, the initial conditions of liquid and gas composi- 

tion on the two end faces of the absorber were firstly determined, and 

then the absorber was discretized along the one-dimensional direction 

of the tower height, divided into 100 sections, and the model was dis- 

cretized by the approximate numerical solution method of difference 

method. Since the flow direction of solution and flue gas is different, 

the outlet temperature of solution is assumed and calculated from the 

bottom of the absorber tower. According to the calculated inlet parame- 

ters of solution and the given conditions, constant comparison and cor- 

rection are made. Finally, the outlet state point parameters of solution, 

flue gas and cooling water are output to complete the solution of the 

absorber model. For other components such as generator, the model is 

based on the relationship of energy conservation. 

Table. 1 

Actual input parameters of the system. 

Fluid components Design parameters 

Solution temperature 𝑡 𝑙 °C 60 

Solution flow rate 𝑚 𝑙 kg/s 5.7 

Solution concentration 𝜀 - 0.32 

Flue gas temperature 𝑡 𝑎 °C 60 

Dry flue gas flow 𝑚 𝑎 kg/s 3 

Water vapor flow 𝑚 𝑣 kg/s 0.33 

Cooling water temperature 𝑡 𝑤 °C 20 

Cooling water flow 𝑚 𝑤 kg/s 6 

Absorber inner diameter 𝐷 m 3 

Cooling pipe inner diameter 𝐷 𝑝 m 0.05 

Cooling water bundle 𝑛 - 10 

Absorber height 𝑍 M 2 

3. Results and discussions 

After completing the establishment of absorber model and calcula- 

tion process design in the total heat recovery system, and verifying the 

correctness of the model, the final numerical calculation results can be 

obtained. Selecting different parameters for analysis, and through the es- 

tablished model’s calculation process, the corresponding results can be 

presented in the form of charts and explained the reasons for the emer- 

gence of the corresponding results. In order to verify the correctness of 

the established model, the initial conditions of the system need to be 

set. t a = 60 °C is selected as the inlet parameter of absorber flue gas. For 

the selection of cooling water inlet parameters, although the evaporator 

and condenser on the main loop are eliminated in this system compared 

with the absorption refrigeration cycle, in order to realize the solution 

cycle, the initial conditions that can realize the cooling process from 

concentration to dilution in the absorber should still be considered in 

the design process. The actual input parameters of the system are shown 

in Table 1 . 

After the initial conditions are set, the calculation can be carried out 

according to the process. By comparing the calculated results with the 

output results of the actual system, the correctness of the established 

model can be verified. The comparison between the simulated output 

parameters and the measured data is shown in Table 2 . 

According to the data in the table, the simulated output parameters 

are basically consistent with the measured data, means the correctness 

of the model is verified. Then, the data can be analyzed and correspond- 

ing conclusions can be drawn. 

3.1. Change rules and influencing factors of heat and mass transfer in 

absorber 

3.1.1. The change rule of heat and mass transfer in absorber 

The flue gas inlet temperature was 60 °C, the cooling water inlet 

temperature was 20 °C, the steam flow rate was 0.3 kg/s, the solution 

inlet temperature was 60 °C, the mass fraction 𝜀 = 0.32, the flow rate 

m l = 5.7 kg/s. The temperature and mass flow rates of the three in the 

absorber along the tower height were calculated by using the established 

model. The changes of temperature and mass flow of the three working 

medium are shown in Fig. 5 , Fig. 6 and Fig. 7 . 

From the figure, we can see that in terms of the mass transfer trend, 

the concentration of CaCl 2 solution gradually decreases, and the water 

vapor flow in the flue gas gradually decreases. The overall mass transfer 

trend of water vapor is from gas phase to liquid phase. The flow direc- 

tion of the solution and the flue gas is opposite along the direction of 

the tower height. Comparing the two temperatures, the solution drops 

in temperature for a short time from 0 to 0.4 m, and then increased. 

The flue gas temperature decreases gradually from 0 to 0.9 m, and then 

increases gradually. The heat exchange between cooling water and so- 

lution makes the temperature of cooling water rise. 
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Table. 2 

Comparison of simulated output parameters with measured data. 

Fluid components Analog output parameter Actual output parameter 

Solution temperature 𝑡 𝑙 /°C 52.9 51.8 

Solution flow rate 𝑚 𝑙 / kg/s 0.3 0.3 

Flue gas temperature 𝑡 𝑎 /°C 56.9 56.5 

Water vapor flow 𝑚 𝑣 / kg/s 0.2 0.2 

Cooling water temperature 𝑡 𝑤 /°C 29.4 30.5 

Cooling water flow 𝑚 𝑤 / kg/s 6.0 6.0 

Fig. 5. CaCl 2 solution temperature and flow rate variation along the height 

direction. 

Fig. 6. The flue gas temperature and flow rate variation along the height direc- 

tion. 

3.1.2. The influence of CaCl 2 solution parameter change on absorption 

process 

Among the many factors that affect the absorption process, the tem- 

perature and concentration of the solution have great influence on the 

partial pressure of water vapor, which is the key factor to determine 

the absorption effect. The higher temperature or the lower concen- 

tration, the higher saturated vapor pressure on the solution surface, 

which is not conducive to the absorption of water vapor. The spe- 

cific influence of parameter changes will be analyzed and verified as 

follows. 

Fig. 7. Cooling water temperature and flow rate variation along the height di- 

rection. 

1 Effect of CaCl 2 solution inlet temperature change 

In absorber, when the inlet temperature of the solution changes, 

the corresponding flow rate and temperature change trend of the three 

working medium are shown in Figs. 8 and 9 respectively. 

From the figure, it can be seen that when the inlet temperature of 

CaCl 2 solution rises, the outlet temperature of flue gas and cooling water 

uniformly rises in different trends. This is because the rise of the inlet 

temperature of the solution increases the heat transfer temperature dif- 

ference, while the working medium flow remains unchanged, the heat 

transfer driving force increases and the cooling water absorption heat 

increases. From the change of outlet flow, it can be seen that the steam 

flow of flue gas outlet increases and the amount of cooling water de- 

creases, so the release of latent heat decreases. Meanwhile, the specific 

heat of flue gas is lower than the solution and the cooling water. There- 

fore, the temperature change trend of flue gas is the most obvious among 

the three working substances. From the aspect of mass transfer analysis, 

the rising temperature at the inlet of the solution makes the saturated 

vapor pressure on the solution surface increase, the difference of vapor 

concentration between the gas side and the liquid side at the interface 

decreases, the mass transfer thrust decreases, the absorbed water quan- 

tity reduces, so the flue gas outlet flow increases. Similarly, the outlet 

flow of the solution decreases on the contrary. 

2 The influence of CaCl 2 solution concentration change 

The vapor pressure on the surface of CaCl 2 solution is a function of 

the temperature and concentration of the solution, namely 𝑃 𝑠 = 𝑦 𝑖 𝑃 𝑎 = 

𝑓 ( 𝑡, 𝜀 ) , Therefore, the change of solution concentration also has a certain 

influence on the heat and mass transfer process in the absorber. 

In the absorber, when the solution inlet concentration changes, the 

corresponding flow rate and temperature variation trend of the three 

working medium are shown in Figs. 10 and 11 . 

From the figure, we can see that the outlet temperature of solution, 

flue gas and cooling water all increases with the increase of solution in- 
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Fig. 8. Variation diagram of working medium’s outlet temperature when the 

inlet temperature of solution changes. 

Fig. 9. Variation diagram of working medium’s outlet flow rate when the inlet 

temperature of solution changes. 

let concentration and other conditions remain unchanged, and the tem- 

perature rise range of solution outlet is relatively high. When the inlet 

temperature of the three working medium is constant, the change of 

water vapor recovery caused by the solution inlet concentration change 

is the main factor affecting heat and mass transfer. The higher concen- 

tration of the solution, the lower partial pressure of saturated water va- 

por on the solution surface, and the greater difference of water vapor 

concentration between the gas side and the liquid side at the interface, 

the greater mass transfer thrust. Therefore, the recovered water amount 

of the flue gas increases, and the flue gas outlet flow decreases. Simi- 

larly, the outlet flow of the solution increases accordingly. The change of 

transfer mass affects the latent heat exchange process, and then affects 

the heat exchange process between the three working media. The water 

vapor flow at the flue gas outlet decreases, the recovered water volume 

increases, so the latent heat release increases, and the solution tempera- 

ture rises as a whole. Because of the absorption sensible heat proportion 

of flue gas is higher than the released latent heat, the flue gas tempera- 

ture rises. Along the direction of the absorption tower, the temperature 

of the solution and flue gas is generally higher than that of the cooling 

water. It is assumed that the cooling water pipe is completely wetted by 

the solution, and the heat exchange between the cooling water and the 

Fig. 10. Variation diagram of flue gas, solution outlet temperature and flow 

rate when the solution inlet concentration changes. 

Fig. 11. Variation diagram of cooling water outlet temperature and water vapor 

flow when the solution inlet concentration changes. 

solution only occurs, so the recovery heat of the cooling water increases 

and the outlet temperature rises. 

Among the many factors affecting the design results, the tempera- 

ture and concentration of CaCl 2 solution have a great influence on the 

partial pressure of water vapor on the solution surface, which is a key 

factor in determining the working medium parameters at the outlet of 

the absorber. In this way, it can have a certain influence on the heat 

transfer area of the solution heat exchanger and other four components. 

When the temperature of the solution changes, the change trend of 

heat exchange area is shown in the figure below, where F_c, F_ex, F_gen 

and F_qs respectively represent the heat exchange area of the condenser, 

solution heat exchanger, generator and gas-water heat exchanger: 

As shown in Fig. 12 , with the change of inlet temperature of concen- 

trated solution in the absorber, the heat exchanger area of each com- 

ponent changes to a certain extent. Among them, when the solution 

inlet temperature changes, it has the greatest influence on the area of 

the solution heat exchanger, followed by the area of the generator, and 

has the least influence on the area of the condenser and air-water heat 

exchanger. The higher the temperature is, the smaller the area of the so- 

lution heat exchanger is, and the decreasing trend is slowed down. The 

area of the generator decreases uniformly, while the area of the con- 

denser, air and water heat exchanger decreases slightly and almost stays 

the same. The first part that the absorber solution flows through is the 
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Fig. 12. The heat exchanger area varies with the inlet temperature of CaCl 2 
solution. 

Fig. 13. The heat exchanger area varies with the mass concentration of CaCl 2 
solution. 

solution heat exchanger, so the heat exchanger area changes the most. 

At the same time, the recovery amount of water vapor in the absorber, 

that is, the regeneration amount of water vapor in the generator, com- 

pared with the solution and flue gas, the flow rate is very small, about 

0.215/5, so the heat transfer area required is far less than that of the 

other three components. 

When the concentration of the solution changes, the heat transfer 

area changes with the concentration of the solution at the inlet of the 

absorber, as shown in Fig. 13 : 

On the whole, compared with the solution inlet temperature, the 

change of inlet concentration has a greater impact on the area of the 

component, and with the increase of concentration, the slope of the 

change curve increases, and the trend of area change becomes more and 

more obvious. Among them, the heat exchanger area of the generator 

gradually increases, and the change trend is the largest, followed by the 

solution heat exchanger and the condenser. The area of the gas-water 

heat exchanger decreases with the increase of the concentration. This is 

because the outlet temperature of the generator flue gas increases and 

then enters the gas-water heat exchanger, and the corresponding heat 

load of the equipment decreases. 

Fig. 14. Temperature variation diagram of solution and flue gas along tower 

height. 

3.2. Analysis of flue gas temperature change process 

3.2.1. The change process of flue gas temperature 

According to the analysis in the previous section, the temperature 

change of solution and flue gas is non-monotonic. The flue gas tempera- 

ture decreases gradually within the range of 0–0.9 m, and then increases 

gradually. Compare the temperature change of flue gas and solution in 

the same diagram, as shown in Fig. 14 . 

It can be seen from the figure that the non-monotonic reason of tem- 

perature change is that sensible heat and latent heat exchange exist be- 

tween wet flue gas and solution at the same time. The intersection of 

CaCl 2 solution and flue gas temperature curve was set as point B. In the 

whole heat and mass exchange process, the latent heat transfer direc- 

tion was flue gas to solution. In the first half of the intersection point, 

0–0.9 m, the flue gas temperature was higher than the solution tem- 

perature, and the sensible heat transfer direction was from flue gas to 

solution, so the flue gas temperature continued to decrease. As the tem- 

perature of flue gas and solution approaches gradually, the sensible heat 

transfer decreases, and the sensible heat exchange amount at point B is 

0. After that, because the solution temperature is higher than the flue 

gas, and the obvious heat transferred to the flue gas is greater than the 

latent heat, so the flue gas temperature gradually increases. 

In order to analyze the latent heat’s influence on the heat transfer of 

the three working media and explain the reason for the change of the 

flue gas cooling trend, Figs. 15 and 16 were drawn to show the variation 

trend of sensible heat, latent heat and total heat transferred from the 

flue gas to the solution along the direction of the tower height, and the 

heat transferred from the solution to the cooling water was added as a 

comparison. 

It can be seen from the figure that, compared with sensible heat and 

latent heat, the latent heat of water vapor transferred from flue gas to 

solution is relatively high. Latent heat transfer is always from the flue 

gas to the solution, from 1.2 m height, sensible heat transfer direction 

changes from solution to the flue gas, the proportion of latent heat is 

still far higher than the sensible heat, after the two offset total calorific 

value as shown in Fig. 16 . In the figure, the total heat curve of the 

flue gas solution and the area enclosed by the horizontal axis of q = 0 

represent the heat absorbed by the solution from the flue gas in the 

whole absorber, the area is positive, shows all the overall heat transfer 

in the absorber direction is from the flue gas to the solution. In Fig. 15 , 

the intersection point B of the visible heat line and q = 0 is the inflection 

point B of the flue gas temperature in Fig. 14 , which first decreases and 
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Fig. 15. Variation trend of heat transfer from flue gas to solution along the 

tower height. 

Fig. 16. Total heat transfer trend of flue gas to solution and solution to cooling 

water along the tower height. 

then increases. At this point, the flue gas and solution temperature are 

equal, and the apparent heat transfer between them is 0. 

From the Fig. 16 , we can see that when the total heat line of flue gas 

and the solution intersecting with the total heat line of solution and cool- 

ing water, they will reach an energy balance. When the heat released 

by the solution to the cooling water is equal to the total heat absorbed 

by the solution from the flue gas, the corresponding intersection point 

A is the inflection point A of solution temperature in Fig. 14 . The tem- 

perature rise of the solution at the left of point A is due to the fact that 

the total heat absorbed by the solution from the flue gas is higher than 

the heat transferred from the solution to the cooling water. So far, the 

reasons for the change of temperature trend of the above three working 

medium are explained. 

3.2.2. The utilization of flue gas temperature variation 

It can be seen from Fig. 14 that after the flue gas exchanging the 

heat with the solution in the absorption tower, the temperature starts 

to rise at the height of 0.9 m tower. Although this phenomenon has led 

to return part of sensible heat to flue gas, lead to the lower thermal 

efficiency, however, considering environmental protection and overall 

performance, the system integrates reheat and dehumidification of flue 

gas, effectively prevent the corrosion caused by large flue gas humidity 

on the system equipment, and the rise of the flue gas temperature, also 

can prevent the generation of "white smoke" which is harmful to the 

environment. Therefore, the advantages of rising flue gas temperature 

outweigh the disadvantages. 

From the aspect of environmental protection, the system integrates 

the design of flue gas reheat and dehumidification to effectively prevent 

the generation of "white smoke" and avoid the impact on the environ- 

ment. The white smoke that comes out of a chimney is mainly water 

vapor in the flue gas undergoing phase change condensation in the air, 

and the state presented by the sunlight after the refraction of the con- 

densed water, which is commonly known as "white smoke" [24] . When 

the saturated wet flue gas is discharged from the chimney, heat and 

mass transfer between the flue gas and the outside air takes place. In 

this process, water vapor in the flue gas diffuses and fuses into the air in 

the gas state while undergoing phase change condensation. Finally, all 

components in the flue gas are integrated with the air in the form of gas. 

If the relative humidity of the outside air is high, and the temperature is 

low, the ability of the air to absorb water is weak, then the water vapor 

in the flue gas will undergo phase change condensation in the air, and 

white smoke will appear. 

Heating the flue gas is an effective means to avoid the generation of 

"white smoke". The specific process is shown in Fig. 17 . 

The figure shows that flue gas first heating from point A to point B, 

after discharge, spread to the environmental atmosphere point D from 

point B. Due to either state C in BD attachment points are located in the 

unsaturated zone, the water vapor in flue gas will not occur in air con- 

densation, so will not appear the phenomenon of white smoke, effective 

protection of the environment. 

In addition, the rise in flue gas temperature can also reduce the max- 

imum landing mass concentration of NOx in outlet flue gas and reduce 

the pollution of flue gas to the near ground. According to the study in 

literature [25] , the relationship between the maximum landing mass 

concentration of NOx in flue gas and flue gas temperature is shown in 

Table 3 . 

According to the data in Table 3 , increasing flue gas temperature can 

effectively reduce the maximum landing mass concentration of NOx in 

flue gas, ensure that the landing concentration of NOx does not exceed 

the standard, and effectively protect the environment. 

To sum up, the system integrates heating and dehumidification of 

flue gas can effectively recover the latent heat in flue gas, prevent cor- 

rosion of equipment and protect the environment. On the whole, it is 

favorable. 

3.3. Analysis of system advantages 

In order to reflect the advantages of the open cycle absorption heat 

pump designed in this paper, a conventional LiBr absorption heat pump 

is first introduced. 

In view of the low recovery efficiency and strong dependence on the 

temperature of refrigerant working medium in the indirect heat trans- 

fer mode of condensation recovery, some relevant solutions have been 

put forward. The combined use of heat pump and condensing heat ex- 

changer, heat pump and mixed water cooling system improves the qual- 

ity of waste heat recovery of hot and wet flue gas. Fig. 18 shows a system 

that uses LiBr as the working medium to recover the condensing heat 

from the flue gas of the gas-fired and oil-fired boilers by using an ab- 

sorption heat pump system. 

In this system, a condensing heat exchanger is set in the flue of the 

boiler tail. The heat pump system is combined with the condensing heat 

exchanger. There is a cooling water circulation between the evaporator 

and the condensing heat exchanger. The cooling water at the outlet of 

evaporator reduces the temperature and enters into the condensing heat 

exchanger to recover the waste heat of flue gas. 
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Fig. 17. After heating the flue gas diffusion process. 

Table. 3 

The relationship between flue gas temperature and the maximum landing mass concentration of NOx. 

NOx outlet mass concentration/ (mg/m 

2) Exhaust gas temperature /°C Maximum landing mass concentration of NOx / ( 𝜇g/m 

2) 

15 10 22.60 

15 90 8.57 

30 10 45.20 

30 90 17.10 

Fig. 18. Absorption heat pump flue gas steam latent heat 

recovery system 

1- generator;2- the heat source;3- heat exchanger;4- 

absorber;5- evaporator; 

6- condenser;7-pump;8- condensing heat exchanger;9- the 

boiler;10- the flue gas;11,12- heating supply water and 

backwater. 

Compared with the conventional LiBr absorption heat pump, the 

open cycle absorption heat pump designed in this paper has the fol- 

lowing advantages: 

(1) In terms of heat recovery, although the effect of LiBr absorption heat 

pump is better than that of the simple condensation heat exchanger 

recovery method, and the recovery latent heat is larger, compared 

with the open system, it is still in essence an indirect contact con- 

densation heat transfer, and the flue gas is taken as the object of heat 

recovery, so the internal latent heat cannot be directly obtained and 

absorbed. The open system in this paper effectively utilizes the sensi- 

ble heat of flue gas at high temperature and realizes the multi-level 

utilization of flue gas heat, thus better recovering the heat of flue 

gas. 

(2) The open type system in this paper is self-driven and automatic, and 

it does not need to add the high temperature internal heat source in 

LiBr absorption heat pump, which is more energy saving and saves 

the cost of the system. 

(3) Compared with the conventional LiBr absorption heat pump, the sys- 

tem studied in this paper eliminates the evaporator and condenser 

on the main loop, and adds an air-water heat exchanger, which not 

only optimizes the working medium circulation process, but also in- 

creases the recovery of significant heat of flue gas, thus achieving 

better economic benefits. 
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(4) In terms of the working medium used by the system, compared with 

the absorption heat pump using LiBr, the system studied in this pa- 

per uses CaCl 2 solution as the working medium. The regeneration 

temperature of CaCl 2 solution is lower, so more efficient the low 

temperature heat source can be. Moreover, in terms of economy, if 

the same volume of dehumidification solution is used, the price re- 

quired to prepare 55% LiBr solution is about 90 times that to prepare 

50% CaCl 2 solution, so economically, CaCl 2 solution is better. 

To sum up, compared with conventional LiBr absorption heat pump, 

the open cycle absorption heat pump designed in this paper, using CaCl 2 
solution as working medium, can better recover heat in flue gas, and 

has more advantages in working medium cycle and economic bene- 

fits. On the whole, it is superior to conventional LiBr absorption heat 

pump. 

4. Conclusions 

In this paper, an open cycle absorption total heat recovery system 

is proposed, which can realize sensible heat recovery and latent heat 

recovery step by step for the heat and humidity waste gas occupied by 

water vapor in industrial production. Through the establishment of the 

overall model of the system, heat and mass transfer in the absorber and 

the characteristics of the model, the conclusions are as follows: 

1 In this paper, an open type cyclic absorption heat pump with CaCl 2 
solution as working medium is proposed. A one-dimensional steady- 

state heat and mass transfer model is established for the absorber of 

key components. The model is discretized by the numerical solution 

method of the finite difference method, and the working medium 

parameters at the outlet are obtained by means of iteration modifi- 

cation. 

2 The change rules of temperature and flow rate of three working sub- 

stances were analyzed, and the influence of the change of temper- 

ature and mass concentration at the inlet of CaCl 2 solution on the 

heat transfer area of each component was discussed, and the con- 

clusion was drawn that the change of mass concentration at the in- 

let of CaCl 2 solution had a greater influence on the heat transfer 

area. 

3 The study found that due to the significant heat exchange between 

the solution and the flue gas, the flue gas temperature had a non- 

linear change of first decreasing and then increasing. Although the 

reheat of flue gas has an impact on the efficiency of the system, it 

effectively prevents the "white smoke" produced by the condensa- 

tion of flue gas in the air, and can also reduce the maximum landing 

mass concentration of NOx in the export flue gas by more than 50%, 

which has obvious advantages in environmental protection. 

4 By analyzing the comprehensive performance of the system and com- 

paring with the conventional LiBr absorption heat pump, the advan- 

tages of the open cycle absorption heat pump constructed in this 

paper are as follows: (1) the recovery effect of latent heat in flue gas 

is better; (2) The system is self-driven and directly driven by heat, 

avoiding the extra energy consumption caused by the consumption 

of electric energy or the addition of internal heat source; (3) The 

evaporator and condenser are omitted in the main loop of the sys- 

tem, and the gas-water heat exchanger is added, which simplifies the 

way of working medium circulation and improves the utilization of 

flue gas heat energy; (4) CaCl 2 solution is adopted as the working 

medium, which can make more effective use of the low temperature 

heat source and is better economically. 
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a b s t r a c t 

Earth Air Tunnel Heat Exchanger (EATHE) systems are not so much popular in India because of restricted acces- 

sibility of ground space in majority of residential and commercial sector. In the present article, thermal perfor- 

mance of newly designed helical shaped EATHE system has been compared with conventional U–shaped EATHE 

system by keeping similar geometrical and operational configuration for the summer (April–June) and winter 

(December–February), respectively. In this regard, therefore, numerical model of both EATHE systems have been 

designed and experimentally validated. The thermal performance of both EATHE systems has been compared in 

terms of outlet air temperature and effectiveness. The present numerical study suggested that the newly designed 

helical EATHE system exhibits better thermal performance with lower ground requirement as compared to con- 

ventional U-shaped EATHE system. To evaluate the thermal comfort potential of EATHE system in office buildings 

of India, composite climate specific adaptive thermal comfort boundaries has been used. The detailed thermal 

performance behaviour of the EATHE system suggests that an additional 80% of the time; ambient air condi- 

tions became thermally comfortable during peak summer season. In addition, analysis of the results revealed that 

EATHE system has more potential during heating operation mode to maintain indoor comfort in winter season 

of composite climate in India. 

1. Introduction 

Buildings in India, consumes about 35% of India’s total energy, grow- 

ing at an annual rate of 8% [1] . Indian commercial buildings consumes 

a substantial part i.e. lighting (59%) and air-conditioning (31%) of the 

total electricity, is used only for indoor visual, thermal and acoustic com- 

fort [2] . Moreover, it is also expected that in near future the energy re- 

quired for space cooling and heating will increase by 850% from 2005 to 

2050 in India, if the buildings continue to be run under air-conditioned 

or heating mode and constructed using common practices today, respec- 

tively [3] . Thus, there is a serious need to find alternative passive sources 

to replace or reduce the use of conventional air conditioning or heating 

systems used in office buildings for maintaing occupant’s thermal com- 

fort. Recently, to check this scenario, Bureau of Energy Efficiency (BEE) 

launched the energy conservation building code (ECBC) to provide mini- 

mum requirements for the energy-efficient systems and building envelop 

in commercial buildings of India [1] . EATHE system can be used as pas- 

sive cooling or heating design solution in such buildings to reduce the 

overall energy use of HVAC systems as per ECBC guidelines. Further, it 

Abbreviations: EATHE, earth air tunnel heat exchanger; HVAC, heating ventilation and air conditioning; ECBC, energy conservation building code; ACZ, adaptive 

comfort zone; ASHRAE, American society of heating refrigerating and air-conditioning engineers; CFD, computational fluid dynamics; COP, coefficient of performance. 
∗ Corresponding author. 

E-mail address: anujmathur15@gmail.com (A. Mathur). 

can act as an alternative startegy to meet the mandatory requirement 

for building compliance as defined in section $5.5 of ECBC [1] . 

2. Literature review 

2.1. Overview of EATHE systems performance 

Cooling and heating loads constitute the largest part of energy con- 

sumed in buildings. Unlike conventional cooling and heating systems, 

passive systems take up minimal electricity from the grid while using re- 

newable energy sources for heat rejection and heat absorption. EATHE 

system uses almost constant temperature sub- soil (below 3 m depth) 

as a heat source/sink to cater heating/cooling loads. When air flows 

in the buried pipes, heat is transferred to/from the soil from/to the air 

provides cooling and heating inside the building spaces. 

A number of numerical analyses have been carried out by various 

researchers in order to establish the role of soil thermal properties onto 

the thermal performance of EATHE system. Such as; a 3-D numerical 

model was developed [4] to examine the effect of operational strate- 
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Nomenclature 

𝜀 effectiveness of The EATHE system 

T initial undisturbed soil temperature, K 

T i air temperature at inlet, K 

T o air temperature at outlet, K 

gies and soil properties on EATHE system. Mathur et al. ( [5] , Numerical 

investigation of the performance and soil temperature recovery of an 

EATHE system under intermittent operations, 2016) revealed problem 

of thermal saturation with soil having lower thermal conductivity. Fur- 

ther, analysis suggested various operative strategies to reduce the ther- 

mal saturation and also improves the year-round use of EATHE under 

harsh conditions. Mathur et al. [6] developed a numerical model oper- 

ating under transient conditions to analyse the soil thermal saturation 

during extended use of EATHE. Study concludes that the soil with higher 

thermal conductivity can be utilized for longer period of time and does 

not required longer buried pipe. 

Different authors have also conducted experimental study with im- 

proved soil condition to increase the performance of EATHE system such 

as Pakari and Ghani develops [7] an EATHE system with short grass 

cover and showed a total reduction in air temperature from 40.6 °C to 

about 34.1 °C, corresponding to a COP of 13.4 with an airflow rate of 

9.24 m/s. Benhamza et al. [8] presented an increase of around 20% and 

19% in the COP and EER of an air conditioner when combined with an 

EATHE system. 

Zhou et al. [9] , placed a layer of phase change material around an 

EATHE to improve its performance. An additional temperature drops of 

about 0.8 °C was obtained by using the phase change material, corre- 

sponded to a 20% increase in the cooling capacity. Experimental study 

carried out by Li et al. [10] , shown that the performance of an EATHE 

system improved when the moisture content of the surrounding soil in- 

creased. 

Different authors have developed different designs such as slinky 

heat exchangers [ [11,12] –[13] ] design was investigated and found 

that system performance degrades with the operation, therefore, longer 

buried pipe length required and hence, the larger land area required. A 

comparative analysis between double U–tube and helical shaped bore- 

hole heat exchanger [14] revealed that 33% lesser pipe length is re- 

quired with helical shaped heat exchanger. Gao et al. [15] investigated 

the efficient district heating and cooling system in Shanghai among dif- 

ferent shapes of GSHP and found W–shaped type most efficient. Yusof 

et al. [16] presented a mathematical model for tropical climatic condi- 

tion to calculate the thermal characteristics of EAHE system and pre- 

sented that EAHE system demonstrates good implementation potential 

in tropical climatic conditions. 

Elminshawy et al. [17] coupled the EATHE system with solar PV 

for the cooling o solar PV panels in Egypt. The study revealed that the 

temperature of the solar PV module decreased to 42 °C from around 

55 °C with an increase of 22.98% and 18.90% in terms of electrical 

efficiency and output power respectively. 

Bansal et al. [ [18] , [19] ] analysed the performance of EATHE system 

attached to a room in terms of EATHE capability to maintain thermal 

conditioning inside a room. Moreover, study revealed that the air outlet 

temperature has little effect with the change in EATHE pipe material. 

Zeng et al. [20] used an EAHE system to prevent the infrared exposure 

of the generator room for military camouflage by reducing the temper- 

ature of generator room. It was measured that the use of EATHE system 

can reduce the maximum infrared camouflage up to 86.96% by using 

EATHE in intermittent mode. Li et al. [21] studied the possibility of 

coupling EATHE system with air handling unit for preheating of fresh 

air in extreme cold regions and noticed an increased in air temperature 

by 26.1 °C (14 °C by EATHE system and remaining 12.1 °C by AHU). 

From the literature, it is apparent that the EATHE thermal perfor- 

mance degrades with the operational time due to inherent poor soil ther- 

mal conductivity. Therefore, to get the desired cooling output longer 

buried pipe are required which need larger ground requirement. Till 

date, only slinky type ground heat exchangers are studied by various re- 

searchers in order to reduce the overall ground requirement having sim- 

ilar cooling capabilities compared to conventional ground source heat 

exchanger. However, slinky type heat exchanger uses small diameter 

tubes of about 2 inches (50 mm) at about the depth of 1.5 m – 2 m 

but slinky design in the form of EATHE system with diameter of 4 inch 

(101.6 m) and depth of 3 to 4 m is to be explored for passive cooling/ 

heating system. Very few investigations have been concentrated and re- 

ported in literature towards the innovative EATHE geometry. Mathur 

et al. [22] presented that a newly designed spiral EATHE system and 

suggested interchange option based on available site conditions. How- 

ever, the spiral EATHE system (70.9 m 

2 ) occupies more land area than 

the U-shaped EATHE system (31.8 m 

2 ). 

2.2. Potential of EATHE system for heating and cooling in buildings 

In summer season, EATHE [23] can eliminate the need for an air 

conditioning cooling system in office buildings due to high cooling po- 

tential, which will reduce electricity consumption of a building. While 

in winter, heated air reduces the space heating demand. 

Breesch et al. [24] revealed a great possibility for summer comfort 

that in turn saves energy consumption using natural night ventilation 

coupled with EATHE as a passive cooling technique for the office build- 

ing. Sehli et al. [25] developed a 1-D numerical model and found that 

EATHE alone is not enough to provide thermal comfort inside the room, 

however, it can be utilised with conventional air-conditioning systems 

to reduce the energy requirement inside buildings. 

Nazer-Nejad et al. [26] numerically assessed the viability of EAHE 

system with air-conditioner for Tehran’s environment and observed that 

EAHE provides a comfortable condition except for a short period of time 

when operating 24 h in a day. Authors also observed that the EAHE 

system was only suitable for a shorter period of time as soil near vicinity 

of underground pipe becomes saturated and the performance of EAHE 

system degrades during longer operation. 

Bansal et al. [27] built up a bulky earth–air–pipe system at one of the 

hospitals in India to analyse the thermal comfort conditions in winter. 

Thanu et al. [28] developed an earth-air-pipe system at Gulmohar farm- 

house, India and observed good thermal comfort conditions in the build- 

ing especially during peak summer months. Chel and Tiwari [29] ex- 

perimentally evaluated the indoor thermal comfort potential of EATHE 

assisted by a solar photovoltaic inside an adobe house. 

Brum et al. [30] designed a new geometrical configuration named 

multi-pipe EAHE system and observed that the increasing the number 

of ducts having small diameter will improve the thermal performance of 

EAHE system. Zhou et al. [9] developed a laboratory scale EAHE system 

with PCM filled material and showed that the cooling capacity of PCM- 

filled EAHE system is 20.24% higher compared to that of traditional 

EAHE system. 

Hamada et al. [31] proposed an improved underground heat ex- 

changer and showed that this improved GSHP system was sufficient for 

space heating and cooling. Zukowski and Topolanska [32] performed a 

comparison study for tube and plate type EAHE system and measured 

the energy gain of 13.5 MW h and 16.35 MW h in the winter season; 

10.3 MW h and 20.41 MW h in the summer season by tube type and 

plate type EAHE system respectively. 

Cucumo et al. [33] estimated the performance of EATHEs using a 1-D 

transient mathematical model used for building cooling/heating. Ajmi 

et al. [34] showed the possible reduction of 1.7 kW peak cooling load 

in the middle of July using an earth-air heat exchangers for residential 

house in a desert climate. Ghaith and Razzaq [35] showed the annual 

energy savings of 11,000 kW h for a four-storey building of total floor 

area 400 m 

2 in Dubai. 
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Table 1 

Description of thermo-physical properties of office building. 

Layer by Layer construction Thickness Conductivity (W/m K) Density (kg/m 

3 ) 

Specific heat 

(J/kg K) 

Overall heat transfer 

coefficient (U-W/m 

2 K) 

External walls 

Stone 0.3 m 1.83 2515 790 2.761 

Plaster 0.002 m 0.72 1760 840 

Internal walls 

Plaster 0.02 m 0.72 1760 840 2.012 

brick burnt 0.12 m 0.85 1500 840 

Plaster 0.02 m 0.72 1760 840 

Floor 

Ceramic tiles 0.8 1700 850 0.647 

Poured concrete 1.4 2100 840 

Roof 

Plaster 0.02 m 0.72 1760 840 3.138 

Poured concrete 0.15 m 1.4 2100 840 

Plaster 0.02 m 0.72 1760 840 

Openings Net area (m 

2 ) U-value (W/m 

2 K) SHGC 

SHGC Single Pane Glass 

(Clear 0.003 m glass) 

0.5–1.0 m 

2 5.7 0.75 

Wooden doors 2.28 m 

2 2.02 –

Internal gains 

Occupancy load 100 ft 2 / person 

Lightning load 0.9 W/ ft 2 

Equipment load 1 W/ ft 2 

According to the approximations established by the USAID ECO-III 

Project, the total expected commercial floor space in India in 2014–15 

is approximately 840 million m 

2 [36] . In addition to this, commercial 

buildings in India consume almost 9% of the total electricity for ther- 

mal comfort indoors and increasing at a rapid rate of 10% annually. 

EATHE systems are not generally reccomended due to space limitation 

in commercial buildings. Space limitation problem can be tackled using 

an EATHE system with the lower ground area having the similar thermal 

performance to the conventional U-shaped EATHE system. 

2.3. Objective of the study 

Looking at the above literature review, following are the objectives 

of the study 

1 To compare the thermal performance of helical-shaped EATHE along 

with comparison to conventional U-shaped EATHE system. 

2 To assess the thermal comfort potential of EATHE system in naturally 

ventilated office buildings of India. 

3. Materials and methods used in the study 

In the present work, a new geometrical configuration i.e. helical-type 

EATHE system with small land area (~25 m 

2 compared to 38.1 m 

2 ) has 

been compared to conventional U-shaped EATHE system for possible al- 

ternate solution especially at the highly populated areas where there is 

shortage of land. EATHE systems are modelled and operated for sum- 

mer cooling (from 01April to 30 June) and winter heating (1 December 

2014 to 28 February 2015), respectively. In order to compare the ther- 

mal performance of helical and U-shaped EATHE systems, composite 

climate of Jaipur city (26.91°N, 75.78°E) has been selected as a case 

study. EATHE systems were operated simultaneously from 9 a.m. to 5 

p.m. and then remained closed till 9 a.m. in the next morning. During 

the off period of EATHE, soil will regain its cooling/heating capabilities 

by rejecting/gaining heat to nearby sub-soil. In order to estimate the 

thermal performance of EATHE systems, inlet and outlet air tempera- 

ture were recorded at every 5 min interval. 

Thermal performance comparison of investigated EATHE systems 

under transient behaviour is further used to predict the thermal com- 

fort potential in summer and winter season. The thermal comfort as- 

sessment has been carried out considering composite climate specific 

adaptive comfort zone i.e. ACZ [37] . 

The model used in numerical investigation consist of an occupied 

office space, 10m × 10m × 3.5m (single storey), connected at one side 

to ambient conditions and on the other side to the EATHE system. The 

office is constructed with conventional construction materials as pre- 

sented in Table 1 . The calculated solar heat gain coefficient (SHGC) 

and overall heat transfer coefficient (U–value) for windows are 0.75 

and 5.7 W/m2-K, respectively [38,39] . In addition, the office is as- 

sumed to be occupied with light internal gain as defined in ASHRAE 

90.1 (ASHRAE, ANSI/ASHRAE Standard 90.1–2004: Energy Standard 

for Building except Low-rise Residential Buildings, [40] ). According to 

National Building Code of India [41] , an air change rate of about 8 − 12 

(ach − 1 ) is required in office spaces using natural ventilation. The heat 

load calculation was carried out for the base model and a constant 3 m/s 

air velocity was retained in EATHE system during the numerical inves- 

tigation. Constant air velocity was maintained throughout the EATHE 

pipe using a centrifugal blower. However, experimental results showed 

that heat gain by blower to EATHE inlet air is almost constant and does 

not change with different layout of EATHE system [22] . Therefore, in 

this the study present study, for performance comparison of different 

configuration of EATHE systems, heat gain by fan blower was is not 

taken considered. 

3.1. Numerical investigation 

Conventional U–shaped EATHE system has been developed by 

Mathur et al. [22] at the Centre of Energy and Environment, MNIT 

Jaipur (26.91°N, 75.78°E). Experimental set up of EATHE system consist 

of HDPE pipe having 60 m length, 0.1 m diameter, 0.003 m thickness 

as presented in Fig. 1 . Thermo-physical properties of materials used in 

U Shaped EATHE system [22] were either measured or referred values 

from trusted sources. Therefore, present numerical analysis considered 

similar geometrical and thermo-physical properties of materials referred 

in [22] . The average measured undisturbed ground soil temperature was 

26.39 °C. 

Physical model of the U-shaped and helical EATHE systems were 

developed on ANSYS’s workbench platform i.e. ANSYS’s DESIGN MOD- 

ELLER as shown in Fig. 2 (A) and (B) and occupied an area of 31.8 m 

2 

(26.5 m × 1.2 m) and 25 m 

2 (5 m × 5 m), respectively. 3-D hybrid (hex- 

ahedral and tetrahedral) meshing ( Fig. 3 (A) and (B)) has been adopted 

with total 666,239 cells (U–shaped EATHE) and 1,074,350 cells (heli- 

cal EATHE) keeping minimum and maximum element size of 0.01 m 
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Fig. 1. Schematic diagram of the U–shaped 

EATHE system. 

Fig. 2. Geometry of (A) U-shaped EATHE, (B) helical EATHE system. 

Fig. 3. Meshing of (a) U-shaped EATHE, (b) helical EATHE system. 

and 1.3 m respectively at a growth rate of 1.2 in ANSYS’s workbench 

MESHING. Following assumptions has been used in the present numer- 

ical investigation: 

• Thermo-physical properties of materials remain constant during op- 

eration. 

• Thermal contact between buried pipe and soil is perfect. 
• No impact of humidity on the heat transfer. 
• Initially, temperature of HDPE pipe and soil is equal to undisturbed 

soil temperature. 
• The air inside buried pipe evenly mixes in the tube without stratifi- 

cation. 
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• The vertical EATHE pipes are well insulated and hence no heat trans- 

fer. 

3.1.1. Governing equations 

The present numerical model includes the continuity equation, mo- 

mentum equation, energy equation and the realizable k- 𝜀 equation [42] . 

The realizable k- 𝜀 model is one of the most common turbulence models, 

which gives good results for bounded wall and internal flows with small 

mean pressure gradients. 

3.1.2. Convergence and grid independence test 

The convergence criteria were achieved for continuity, x-velocity, 

y-velocity, z-velocity, 𝑘 − 𝜀 (1e-3) and the energy Eq. (1e-6) at each 

time step. The grid independent size was determined by increasing the 

number of meshes until the criterion 
ṗ − ṗ +1 

ṗ < 10 − 3 was satisfied. Here 

�̇� represents the calculated temperature using current mesh size and 

�̇� + 1 correspond to temperature using the next mesh size. For the grid 

independent, the air temperature was evaluated at the outlet of the 

EATHE system (Mathur, Surana, & Mathur, Numerical investigation of 

the performance and soil temperature recovery of an EATHE system un- 

der intermittent operations, 2016) [6,22] . 

3.1.3. Boundary and initial condition 

Outside or far-field boundaries of the soil domain were considered as 

fixed temperature surfaces of 26.4 °C (measured undisturbed soil tem- 

perature). On the other hand, variable soil conditions were used inside 

the soil domain. The ‘Velocity Inlet’ boundary condition was taken for 

EATHE air inlet. The inlet air temperature in ‘Velocity Inlet’ boundary 

condition varied in every 5 min according to measured inlet temperature 

using PROFILE function and air velocity kept constant at 3 m/s. With the 

use of PFOFILE function any boundary condition can be profiled as per 

the requirement. In this case, air temperature has been profiled accord- 

ing to the ambient air temperature to capture the transient behaviour of 

air in terms of temperature. ‘Pressure outlet’ condition was selected for 

air outlet as air is a compressible fluid. In order to enable heat transfer 

between pipe surrounding soil and HDPE pipe wall ‘coupled’ boundary 

condition were specified. 

3.1.4. Transient model validation 

In order to check robustness and reliability of any numerical model, 

it is very important to perform experimental validation. Therefore, in the 

present numerical analysis, experimental field results of Mathur et al. 

[22] were used to validate the reliability and correctness of the CFD 

model. Most of the researcher in the field of EATHE system have consid- 

ered constant inlet air temperature at different length of EATHE systems. 

This strategy does not imply the actual transient validation because inlet 

air temperature changes very frequently. 

Fig. 4 demonstrates the deviation in experimental and simulated 

EATHE air outlet temperature for consecutive three operational days 

for the U-shaped EATHE system. A good agreement was perceived be- 

tween the experiment and simulated values. The maximum difference in 

experimental and simulated outlet air temperature was 0.23 °C, which is 

quite small. Thus, it validates the reliability of the developed U–shaped 

model and similar methodology has been used for the development and 

numerical investigation of helical EATHE system for further analysis. 

4. Results and analysis 

4.1. Thermal performance comparison of EATHE systems 

The developed 3-D transient numerical models of helical and U- 

shaped EATHE have been investigated and compared for summer cool- 

ing and winter heating of 8 hrs in a day for office building. 

4.1.1. Outlet air potential of EATHE systems 

Table 2 illustrates the outlet air temperature of helical and U-shaped 

EATHE system for summer and winter operation period. It is evident 

from table that the EATHE outlet air temperature varied according to 

the inlet air temperature for continuously 90 days of summer and winter 

operation of EATHE systems. However, the deviation in EATHE outlet 

air temperature is less as compared to inlet air temperature. This is be- 

cause of the availability of large thermal mass of soil that acts as a heat 

sink and source during summer and winters, respectively. 

Pevious studies on EATHE system has shown that the outlet air tem- 

perature remains almost constant because of large thermal mass avail- 

able to EATHE pipes underground [6,18,19,27] . Large thermal mass of 

sub-soil can only provide the stable outlet air temperature up to some 

days only after that the outlet air temperature moves (obviously with 

lesser fluctuation) along the inlet air temperature in the later part of 

operation because of the saturation of sub-soil around the pipe. In win- 

ters, EATHE outlet air temperature is higher than the soil undisturbed 

temperature i.e. 26.39 °C because winter heating utilises the heat stored 

in the soil during summer cooling operation [22] . 

Numerical results also indicated that average outlet air temperature 

was 28.54 °C and 28.28 °C in summer season and 28.69 °C and 28.93 °C 

in winter season for U-shaped and helical EATHE system, respectively. 

Results indicate that the performance of helical EATHE is better than 

the U-shaped EATHE for both seasons. This is because helical EATHE 

would generate more turbulence than the U-shaped EATHE system [22] . 

Hence, it can be concluded that helical structure of EATHE system can 

provides better heat transfer rate at the same inlet air temperature. 

4.1.2. Effectiveness of EATHE systems 

Both helical and U shaped EATHE system has also been compared 

in terms of effectiveness as presented in Table 2 . Effectiveness of the 

systems has also been evaluated using the following equations. 

𝜀 = 

𝐴𝑐𝑡𝑢𝑎𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑟𝑜𝑝 𝑎𝑡 𝑎𝑛𝑦 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑡𝑖𝑚𝑒 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑟𝑜𝑝 
= 

𝑇 𝑖 − 𝑇 𝑜 

𝑇 𝑖 − 𝑇 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

From Table 3 , it is noticed that effectiveness of U-shaped and heli- 

cal system varies from 0.92 to 0.73 and 0.94 to 0.76 in summer season 

and 0.46 to 0.70 and 0.75 to 0.73 in winter season, respectively. More- 

over, the effectiveness of both systems varied according to the inlet air 

temperature and decreases with the days of operation. In summers, in- 

crement in inlet air temperature while in winters, decrement in inlet air 

temperature exhibits better effectiveness for both EATHE systems. How- 

ever, the effectiveness of helical EATHE is found to be higher than the 

U-shaped EATHE system even after 90 days of operation for the same 

inlet air temperature. Therefore, helical EATHE system having lesser 

ground area can be effective compared to U-shaped EATHE system. 

As per the above results and discussion, it is clearly evident that both 

systems have similar thermal performance in terms of outlet air temper- 

ature. Therefore, in order to calculate the thermal comfort potential of 

EATHE, only the data related to helical EATHE sysetm is used in subse- 

quent sections. 

4.1.3. Cost analysis for proposed configuration of EATHE systems 

Major expenditure involved in the development of EATHE systems 

includes cost of excavation and backfilling, HDPE pipes and centrifugal 

blower. Details of the investment incurred for the installation of both 

EATHE systems are presented in Table 4 . The proposed investment cost 

required for the installation of U-shaped and helical shaped EATHE are 

₹ 14,570 (Indian rupees) and ₹ 15,050 (Indian rupees) respectively. It 

can be concluded that investment incurred for the helical is little higher 

as compared to U-shaped EATHE due to more digging depth which re- 

quired more excavation time and ultimately more cost. Apart from dis- 

cussed items, other instruments and accessories are only required for 

measurements of performance parameters of EATHE system. Hence, in 

present economic analysis the cost of such items are assumed identical. 
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Fig. 4. Transient validations of experiment and simulated outlet air temperatures for U-shaped EATHE system. 

5. Thermal comfort assessment using EATHE systems 

ASHRAE Standard 55–2017 defines seasonal comfort boundaries 

based on rational comfort approach i.e. static model of heat balance 

[43] . Thermal comfort zones were defined on conventional psychro- 

metric chart considering sedentary activity (1–1.2 met) of occupants 

in office buildings and clothing insulation varying between 0.5–1.0 clo 

for summer and winter season, respectively. This comfort zone is valid 

for any type of buildings irrespective of climatic conditions. 

Researchers, in last past decade, have shown that adaptive thermal 

comfort is combined theory of thermal adaptations and other contex- 

tual factors [44–46] for a particular location. Following adaptive com- 
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Table 2 

Variation of outlet air temperature in summer and winter season. 

Days Summer Winter 

Inlet Air Temperature (°C) Outlet Air Temperature (°C) Inlet Air Temperature (°C) Outlet Air Temperature (°C) 

U-shaped Helical U-shaped Helical 

Start 31.62 26.82 26.73 27.71 30.29 30.20 

After 15 days 35.11 28.15 27.75 16.62 28.05 28.36 

After 30 days 39.92 29.35 28.93 15.69 27.99 28.00 

After 45 days 32.39 28.03 27.89 18.59 28.30 28.57 

After 60 days 38.92 29.47 29.28 22.05 28.85 29.39 

After 75 days 37.48 29.10 28.81 20.47 28.77 28.93 

After 90 days 35.45 28.85 28.54 17.56 28.56 29.03 

Table 3 

Variation of effectiveness in summer and winter season. 

Days Summer Winter 

Inlet Air Temperature ( °C) Effectiveness Inlet Air Temperature ( °C) Effectiveness 

U-shaped Helical U-shaped Helical 

Start 31.62 0.92 0.94 27.71 0.46 0.45 

After 15 days 35.11 0.80 0.84 16.62 0.69 0.71 

After 30 days 39.92 0.78 0.81 15.69 0.70 0.70 

After 45 days 32.39 0.73 0.75 18.59 0.66 0.68 

After 60 days 38.92 0.75 0.77 22.05 0.61 0.65 

After 75 days 37.48 0.76 0.78 20.47 0.65 0.66 

After 90 days 35.45 0.73 0.76 17.56 0.70 0.73 

Table 4 

Cost analysis of U-shaped and helical EATHE system. 

Sr. No. Item Specifications U shaped Helical 

Quantity Cost Quantity Cost 

1 Excavation of Soil & 

Back Filling of Sand 

Excavation Cost –

700/h 

26.5 m × 1.2 m ×
3.5m = 111.3m 

3 

5600 Diameter – 5 m height 

– 5.5 m = 108m 

3 

6000 

2 Centrifugal Blower Make - Captain, 

0.75 kW, 2800 RPM, 

0.0945 m 

3 /s max. 

1 No. 3700 1 No. 3700 

3 HDPE Pipe 0.1 m diameter, 3 mm 

thick 

L = 60 m 4200 L = 60 m 4200 

4 Insulation Polyurethane Foam 

(PUF) 

2.0 kg 350 2.0 kg 350 

5 Miscelleneous 120 200 

6 Labour 600 600 

Total = ₹ 14,570 Total = ₹ 15,050 

fort approach of thermal comfort, new comfort boundaries were de- 

fined on the conventional psychrometric chart for composite climate of 

India [37] . ASHRAE Standard 55–2017 [43] comfort boundaries were 

extended considering composite climate’s specific thermal adaptations 

and occupant’s thermal expectations in naturally ventilated spaces. The 

adaptive comfort boundaries i.e. ACZ’s were drawn on psychrometric 

chart for different seasons considering comfort expectations and the role 

of airspeed to offset higher temperatures. ACZ comfort zone showed that 

subjects are comfortable at the higher temperature up to 32 °C and rela- 

tive humidity of 20% − 80% during summer season for still air conditions 

of 0 m/s-0.2 m/s as shown in Fig. 5 . ACZ are further extended up to 

35°C between the relative humidity of 20% − 80% at the higher indoor 

air speed of 1.5 m/s, particularly during the summer season. During the 

winter season, the lower limit for this ACZ was found to be 16 °C for 

80% acceptability of occupants in this region.Previous works onEATHE 

system have shown potential to provide indoor thermal comfort condi- 

tions during heating and cooling mode of operation especially for hot 

and dry climates [18,19,23] . 

Researchers have assessed the effect of EATHE system as passive de- 

sign strategy for natural ventilation in built environment. Kumar et al. 

[37] has proposed an adaptive thermal comfort zone of natural flows 

with air speed ranges between 0.2–0.5 m/s. So, for the analysis pur- 

pose, the thermal comfort boundaries up to air speed of 0.5 m/s have 

been considered as shown in Fig. 5 . This comfort zone is assumed con- 

sidering EATHE system as passive design strategy for providing natural 

ventilation in office spaces under natural ventilation mode of operation. 

5.1. Seasonal thermal comfort assessment 

For predicting the thermal performance of the EATHE system hourly 

analysis has been carried out for summer and winter season of the year, 

separately. The ambient air conditions used in comfort analysis is re- 

ferred from a local weather station situated at Malviya National Insti- 

tute of Technology campus in Jaipur city. The daily average outlet tem- 

perature obtained from numerical results has been used as an input to 

analyse the seasonal comfort potential of investigated EATHE systems. 

5.1.1. Summer season analysis 

In the present work, ambient air average conditions prevailing dur- 

ing the peak summer (April–June) and winter (December–February) sea- 

son in composite climatic conditions of Jaipur city are plotted on the 

background of comfort boundaries ( Fig. 6 ). The daily ambient condi- 

tions i.e. average air temperature is found well above the ACZ comfort 

zone indicating almost thermal discomfort during peak summer months. 

It can be seen from figure that corresponding to 91 days analysis, only 

11 days are showing natural comfort and remaining 80 days thermal 
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Fig. 5. Adaptive comfort boundaries (ACZ) for thermal comfort for different air velocities in composite climate of India. 

Fig. 6. Psychrometric plotting of outlet air conditions for summer and winter season on the background of ASHRAE 55–2017 and ACZ comfort zone. 

discomfort prevails in Jaipur climatic conditions. Interestingly, almost 

100% thermal discomfort prevails for the whole summer period accord- 

ing to [43] comfort zone. Moreover, the present analysis shows that at 

least 88% of total time in the summer season (April–June), the ambient 

air requires some cooling before supplying into any office space. There- 

fore, EATHE system can be a good option to cool ambient air which was 

uncomfortable. 

5.1.2. Winter season analysis 

For winter season, it is evident from Fig. 6 that a total of 67 plotted 

points (~74% of the total time); the ambient air conditions are show- 

ing natural thermal comfort and for remaining 13 points (~26% of total 

time) the ambient air is required some heating/ cooling treatment for 

being comfortable. Further, a total of 45 points falls inside the ASHRAE 

Standard 55 comfort zone representing only 50% of the total time. Being 
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Fig. 7. Psychrometric plotting of outlet air conditions after treatment of (a) U-shaped and (b) Helical shaped EATHE system on the background of ASHRAE 55–2017 

and ACZ comfort zone. 

Table 5 

Percentages thermal discomfort avoided considering different configurations of EATHE system in Jaipur 

city. 

Season EATHE system Graphical approach (PMV-PPD) 

[43] Proposed ACZ [37] 

Summer U-shaped Discomfort (%) 90 8 

Comfort (%) 10 94 

Helical Discomfort (%) 89 5 

Comfort (%) 11 95 

Winter U-shaped Discomfort (%) 100 0 

Comfort (%) 0 100 

Helical Discomfort (%) 100 0 

Comfort (%) 0 100 

thermally comfortable in peak winter months in Jaipur city. The results 

predicted that ASHARE Standard 55 comfort zone underestimated the 

thermal adaptation of its occupants in achieving thermal comfort in nat- 

urally ventilated buildings as reported in earlier studies [37] . 

5.2. Improvement in indoor thermal comfort conditions using EATHE 

systems 

5.2.1. Summer season analysis 

The condition of the ambient air obtained after EATHE system treat- 

ment (U-shaped as well as Helical shape) under cooling operation mode 

during summer season is presented on the psychrometric chart as shown 

in Fig. 7 (A). The results showed that after EATHE treatment, about 82 

points i.e. 91% of the total time becomes thermally comfortable dur- 

ing the peak summer period. This signifies an additional of 80% of the 

total time; ambient air conditions became acceptable to the occupants 

in naturally ventilated spaces. It is further examined that about 9% of 

the total time, the ambient air conditions even after EATHE treatment 

are still uncomfortable & still needs further treatment such as evapora- 

tive cooling or air conditioning [47] . Subsequently, ASHRAE Standard 

55 comfort zone predicts about 41% of the time comfortable conditions 

were achieved using EATHE, while, remaining 59% of the time air con- 

ditions are still uncomfortable to the building occupants during peak 

summer months. Similar findings are also observed with helical EATHE 

system during summer operational period for Jaipur climatic conditions. 

5.2.2. Winter season analysis 

During the winter season, after EATHE treatment; 100% of ambi- 

ent air conditions are observed to fall inside the ACZ comfort zone 

( Fig. 7 (B)). These findings are in line with studies conducted by other 

researchers [18] suggesting a higher potential of EATHE system for the 

winter heating rather than summer cooling under similar climatic con- 

ditions. The reason for such observation is that the soil in this region 

has low thermal conductivity; which leads to soil saturation conditions 

when EATHE system is operated under cooling mode operation [6] . This 

stored heat inside soil can be utilized effectively under the heating op- 

eration of EATHE system during winter season resulting in more com- 

fortable conditions inside the building. 

With winter operation of EATHE system, ASHRAE Standard 55 pre- 

dicted about 28% of the time being thermally comfortable and 72% are 

still in of conventional heating systems. The findings from this paper 

showed that EATHE system can act as effective passive design strategy 

for maintaining thermal comfort in naturally ventilated office buildings 

situated within composite climate of India. A comparative assessment 

of percentage thermal comfort achieved using different configurations 

of EATHE systems for the summer and winter season is tabulated in 

Table 5 . 

6. Summary and conclusions 

In this study, a numerical study has been carried out to compare 

the thermal performance of helical EATHE system with conventional U- 

shaped EATHE during peak summer (April-June) and winter (December- 

February) months. Above, numerical comparison suggested that the he- 

lical EATHE exhibits better thermal performance with lesser space re- 

quirement as compared to the U-shaped EATHE system. Hence, for low 

energy and sustainable buildings where space availability is a challenge, 

the helical EATHE system can be viable undertaking to reduce HVAC 

load without sacrificing building occupant’s thermal comfort. 

Further, for predicting the seasonal thermal comfort potential of 

analysed EATHE systems, composite climate zone specific comfort zone 

i.e. ACZ [37] and existing ASHRAE Standard 55 comfort zones has been 

considered. From the application of EATHE system, an additional 80% 
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of the total time; ambient air conditions became thermally comfort- 

able during peak summer months (April-June). Additionally, EATHE 

system has shown more potential during heating operation to maintain 

indoor comfort in naturally ventilated office buildings under compos- 

ite climatic conditions of India. However, the percentage time thermal 

comfort achieved (as calculated) using ASHRAE Standard 55 comfort 

limits was far less as compared to this region specific adaptive comfort 

limits. The study further recommends exploring the potential of EATHE 

systems as a passive design startegy for regions having soils with better 

thermal conductivity. 
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a b s t r a c t 

This research study compares the steady-state and dynamic behaviour of a solar-powered activated carbon-35 

(AC35)/methanol-based vapour adsorption refrigeration system for production of ice at hot climate region. Ther- 

modynamic comparisons are made with the coefficient of performance (COP), system COP (SCOP), specific refrig- 

eration capacity (SRC) and critical parameters such as cycle time and ice production rate are quantified. Further, 

the sustainability of the proposed ice maker has proven by integrating economic and environmental perceptions. 

The minimum solar flux required to ensure continuous ice production was found 800 W/m 

2 . Moreover, the max- 

imum ice production rate and COP were decreased by 32.36% and 37.63% respectively when the system was 

operated under real ambient conditions. The proposed solar adsorptive ice maker achieved maximum SRC of 

61.6 g m 

− 2 during April month and reduced the CO 2 emissions by 12.82 ton annually. 

1. Introduction 

Ice making machines work on a vapour compression refrigerating 

cycle (VCRC) in which the compressor consumes electrical energy [1] . 

Conventional sources of power generation such as thermal power plants 

contribute to greenhouse gas (GHG) emissions [2] . Hence, conventional 

vapour compression machines are needed to be replaced by alternative 

refrigeration system for sustainable ice production. Vapour absorption 

refrigeration cycle (VARC) and vapour adsorption refrigeration cycle 

(VADRC) are such type of thermodynamic cycles. These cycles operate 

on a low temperature (60 °C to 130 °C) renewable thermal energy such as 

solar thermal energy, waste heat from industries and geothermal energy. 

In VARC, the refrigerant gas mixed with the absorbent whereas it 

only attached on the adsorbent surface in case of VADRC. Further, the 

heat of absorption or adsorption would be released in both cases. How- 

ever, VARC faces below issues: 

1. Water-based absorption cooling cycles such as lithium bro- 

mide/water (LiBr + H 2 O) and lithium chloride/water (LiCl + H 2 O) 

cannot be utilized for the ice production [3] . 

2. Aqua ammonia (NH 3 + H 2 O) pair fulfils the purpose of subzero re- 

frigeration. However, it demands additional components to separate 

Abbreviations: AC35, Activated carbon-35; COP, Coefficient of performance; 𝐷𝑁 𝐼 , Direct normal irradiance; ETC, Evacuated tube collectors; EES, Engineering 

equation solver; GHG, Greenhouse gas; MOF, Metal-organic framework; 𝑃 − 𝑇 − 𝑋, Pressure-Temperature-Mass ratio; SCOP, System COP; SRC, Specific refrigeration 

capacity; SPP, Simple payback period; VCRC, Vapour compression refrigerating cycle; VARC, Vapour absorption refrigeration cycle; VADRC, Vapour adsorption 

refrigeration cycle. 
∗ Corresponding author. 

E-mail address: nishant.modi@utas.edu.au (N. Modi). 

water vapour from ammonia gas. This makes the system bulky and 

less efficient. Also, choking occurs due to freezing of escaped water 

vapour in the evaporator [4] . 

3. Novel salts based ammonia refrigeration pair such as ammo- 

nia/sodium thiocyanate (NH 3 + NaSCN) and ammonia/lithium ni- 

trate (NH 3 + LiNO 3 ) faces the crystallization problems [5] . Also, 

sodium thiocyanate (NaSCN) is very toxic [6] . 

Hence, it is necessary to switch over to sustainable VADRC that 

can yield the refrigeration without interruption for the continuous 

production of ice. Although VADRC supports numerous working fluid 

pairs, the selection of an appropriate adsorbent/adsorbate pair pre- 

dominantly depends upon the application. Usually, water-based ad- 

sorbent/adsorbate pairs such as silica gel/water, zeolite/water, metal- 

organic frameworks (MOFs)/water and polymers/water are used for 

cooling and water desalination purposes, while organic substances such 

as methanol (CH 3 OH), ammonia (NH 3 ), ethanol (CH 3 CH 2 OH), carbon 

dioxide (CO 2 ) and R134a are used with the activated carbon (AC) for 

refrigeration [7] . 

The adsorbate (refrigerant) should have a low freezing tempera- 

ture and high latent heat of vaporization. Also, the physical size of the 

molecule should be small enough to get adsorbed on the adsorbent sur- 
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Nomenclatures 

Notations 

𝐴 Area (m 

2 ) 

𝑐 Cost (US$) 

𝐶 𝑝 Isobaric specific heat (kJ kg − 1 K 

− 1 ) 

𝐶 𝑣 Isochoric specific heat (kJ kg − 1 K 

− 1 ) 

𝐹 Fusion enthalpy of water (kJ kg − 1 ) 

𝐺 Radiation (W m 

− 2 ) 

ℎ Specific enthalpy (kJ kg − 1 ) 

𝐼 Irradiance (W) 

𝑘 Adsorptive parameter 

𝐿 Latent heat (kJ kg − 1 ) 

�̇� Mass flow rate (kg/s) 

𝑀 Mass (kg) 

𝑛 Number of day/Adsorptive parameter 

𝑃 Pressure (kPa) 

𝑞 Quality 

�̇� Heat flux (kW) 

𝑅 Radiation factor/Gas characteristic constant (kJ kg − 1 

K 

− 1 ) 

𝑇 Temperature (°C) 

𝑈 Heat loss coefficient (W m 

− 2 k − 1 ) 

V Valve 

𝑉 Void volume of bed material (m 

3 ) 

𝑥 Mass ratio 

Greek symbols 

0 Saturated condition 

𝑎𝑡𝑚 Ambient 

𝑎𝑑 Adsorbent 

𝑎𝑑𝑠 Adsorption 

𝐴 Adsorber 

𝑏 Beam 

𝐶 Condenser 

𝑐𝑜𝑙 Collector 

𝐶𝑢 Copper 

𝑑 Diffused 

𝑑𝑒𝑠 Desorption 

𝑒 Electricity 

𝐸 Evaporator 

𝐺 Generation 

𝐼 𝐼 Second law 

𝑖 Investment 

𝑙 Liquid 

𝑜𝑛 Extra-terrestrial 

𝑟𝑒𝑓 Refrigerant 

𝑠𝑐 Solar constant 

𝑠𝑡 Steel 

𝑠𝑢𝑛 Sun 

𝑆𝐶 Subcooling 

Subscripts 

𝜌 Ground reflectance 

𝛽 Slope angle (°) 

𝛿 Declination angle (°) 

𝜑 Latitude (°) 

𝜃 Angle of incident (°) 

Δ𝑡 Cycle time (minutes) 

𝜂 Efficiency 

𝑆𝐻 Superheating 

𝑆 Saving 

𝑠 Storage tank 

𝑠𝑜𝑙 Solar 

𝑡ℎ Thermal 

𝑇 Tilted 

𝑢𝑠𝑒 Useful 

𝑧 Zenith 

face in large quantity. Therefore, methanol (CH 3 OH) is selected as an 

adsorbate. Since Activated Carbon-35 (AC35) reacts with methanol at 

higher temperature ( > 150 °C), it is selected as an adsorbent. Therefore, 

the AC35/methanol adsorption pair is nominated for the proposed sus- 

tainable solar refrigerator [8] . 

Jing and Exell [9] investigated the solar-powered charcoal/methanol 

refrigerator and achieved a minimum evaporator temperature of − 11.60 

°C. Parametrically, Li and Wang [10] have evaluated the effects of so- 

lar collector and ambient parameters on the performance of a solar- 

powered vapour adsorption ice maker and suggested various key points 

that converge to a higher thermodynamic performance. Anyanwu and 

Ezekwe [11] developed a solar refrigerator and tested in the tropical cli- 

mate. They integrated the adsorbent with solar collector and the evap- 

orator was made by a spirally coiled copper tube that immersed in 

stationary water tank. Further, cycle 𝐶𝑂𝑃 and system 𝐶𝑂𝑃 ( 𝑆𝐶𝑂𝑃 ) 

ranged over 0.056–0.093 and 0.007–0.015 respectively with the best 

useful cooling of 266.8 kJ m 

− 2 of collector area. 

Zhao et al. [12] analysed an activated carbon/methanol adsorption 

refrigeration tube by considering interfacial convection and transient 

pressure processes. Based on the experimental observations, authors 

concluded that the model can be used for valve-controlled large ad- 

sorption systems. Gordeeva and Aristov [13] illustrated the effects of 

the adsorbent grain size, ad/desorption temperatures and bed thickness 

on the enhanced specific cooling power of the adsorption refrigeration 

cycle. Frazzica et al. [14] developed a lab-scale adsorptive refrigerator 

of 0.5 kW capacity and achieved the cooling power density of 95 W 

kg − 1 and 50 W kg − 1 for air conditioning and refrigeration cycle respec- 

tively. Hamrahi et al. [15] evaluated the thermodynamic performance 

of a nano activated carbon/methanol operated solar adsorption refriger- 

ation system and found 17%, 23% and 25% increment in COP with mass 

fractions of 4.7%, 11.1% and 18.3% respectively. Attalla et al. [16] stud- 

ied the solar-driven ice maker operating on activated carbon (AquaSorb 

2000)/methanol and attained the cycle 𝐶𝑂𝑃 of 0.66 at 110 °C genera- 

tion, 30 °C condenser and − 5 °C evaporator temperature respectively. 

To the best of authors’ knowledge, available studies have only fo- 

cused on the thermodynamic performance of the system. However, eco- 

nomic characteristics play a vital role in the commercialization of re- 

newable energy-driven sustainable systems. Moreover, some authors 

have considered a steady-state condition in their analysis [17] . How- 

ever, solar radiations and ambient temperature continuously fluctuate 

throughout the day. Hence, steady-state assumptions are not adequate 

to estimate the actual performance of the system. Also, environmen- 

tal benefits of such a sustainable refrigeration system are not available 

in literature. Therefore, in this paper, evacuated tube collectors (ETC) 

and fully mixed hot water storage tank are employed to power the acti- 

vated carbon/methanol-based adsorptive ice maker. Ambient variations 

are measured for western Indian climate and dynamic behaviour has 

been examined from the thermodynamic perspective. Furthermore, the 

reduction in GHG emissions is quantified and the sustainability of the 

proposed system has proven by considering an economic perspective 

too, which is also the novelty of presented work. 

2. System description and working 

The examined solar adsorption refrigeration system is demonstrated 

in Fig. 1 . The system consists of the water heating circuit, storage tank 

and adsorption cooling unit. Pressurized hot water (up to 400 kPa) cir- 

culated inside the evacuated collector to power the adsorption cycle. In 

the adsorption unit, two adsorption beds are made up of the AC35 and 
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Fig. 1. Line diagram of the solar vapour ad- 

sorption refrigeration system. 

methanol (CH 3 OH) is considered as the adsorbate (refrigerant). A fully 

mixed storage tank stores the hot water, and two cooling-water storage 

tanks are maintained at ambient temperature ( 𝑇 𝑎𝑡𝑚 ). These tanks supply 

the hot and cold water to adsorber beds simultaneously. 

The adsorption unit consists of the main four components: (i) Ad- 

sorption beds (Bed-I and Bed-II) (ii) Condenser (iii) Expansion valve and 

(iv) Evaporator. The adsorption bed generates or adsorbs the refrigerant 

vapour. The condenser converts the refrigerant vapour into the saturated 

liquid through rejecting heat of condensation ( �̇� 𝐸 ). A water-cooled type 

heat exchanger is considered as the condenser. The expansion valve re- 

duces the refrigerant pressure from condenser pressure ( 𝑃 𝐶 ) to the evap- 

orator pressure ( 𝑃 𝐸 ). During this, the enthalpy of refrigerant remains 

constant. A water-cooled heat exchanger (evaporator) generates the re- 

frigerant vapour at low pressure by absorbing the heat of vaporization 

( �̇� 𝐸 ). 

Solar collector raises the temperature of hot water from 𝑇 𝑐𝑜𝑙,𝑖𝑛 to 

𝑇 𝑐𝑜𝑙,𝑜𝑢𝑡 and then the hot water arrives in the hot water tank. This will 

raise the storage tank water temperature ( 𝑇 𝑠 ) and delivers to adsorption 

beds. As soon as the pressure of bed-I reaches the saturation pressure 

( 𝑃 𝐶 ), refrigerant vapour get released from the bed-I. This process is re- 

ferred as heating and desorption. During this process, valves V-12, V-13 

and V-1 are kept open. Hence, refrigerant vapour desorbing from adsor- 

bent bed-I collected in the condenser and get condensed immediately. 

The returning source water (state-13) mixes with the storage tank wa- 

ter. Meanwhile, some quantified mass of low-pressure liquid refrigerant 

is charged at state-6 and allowed to enter the evaporator. Hence, re- 

frigeration takes place in the evaporator and superheated vapour travel 

(valve V-4 is opened) to the adsorbent bed-II. Cooling water is circulated 

(valves V-18 ′ and V-19 ′ are opened) inside the bed-II to enhance the ad- 

sorption of refrigerant vapour. This process is referred as cooling and 

adsorption. Both processes are taken place simultaneously and consume 

the equal amount of time so called cycle time ( Δ𝑡 ). During analysis, it 

was assumed that valves operated at full capacity and piping losses are 

ignored. 

3. Thermal analysis 

This section shows the thermodynamic formulae that convert the 

developed model into the mathematical problem. 

3.1. Evacuated tube collector (ETC) 

This sub-section provides the necessary equations to represent the 

thermodynamic model of the solar collector. The total thermal energy 

( �̇� 𝑠𝑜𝑙 ) falling on the collector surface is the product of the solar radiation 

( 𝐺 𝑇 ) and collector area ( 𝐴 𝑐𝑜𝑙 ) [18] . 

�̇� 𝑠𝑜𝑙 = 𝐴 𝑐𝑜𝑙 ⋅ 𝐺 𝑇 (1) 

The resultant solar radiation ( 𝐺 𝑇 ) on slanted collector is calculated 

by [18] : 

𝐺 𝑇 = 𝑅 𝑏 ⋅ 𝐺 𝑏 + 𝐺 𝑑 ⋅
( 

1 + cos 𝛽
2 

) 

+ 

(
𝐺 𝑏 + 𝐺 𝑑 

)
⋅ 𝜌 ⋅

( 

1 − cos 𝛽
2 

) 

(2) 

Beam radiation ( 𝐺 𝑏 ) is determined as below [18] : 

𝐺 𝑏 = 𝐷𝑁𝐼 ⋅ cos 𝜃𝑧 (3) 

Diffused radiation ( 𝐺 𝑑 ) is calculated as below [18] : 

𝐺 𝑑 = 

1 
3 
(
𝐼 𝑜𝑛 − 𝐷𝑁𝐼 

)
(4) 

𝐷𝑁 𝐼 and 𝐼 𝑜𝑛 represent the direct normal irradiance and extra- 

terrestrial radiation, respectively. 

The geometric factor ( 𝑅 𝑏 ) is the ratio of the cosine of the angle of 

incident ( 𝜃) to the cosine of zenith angle ( 𝜃𝑧 ) as below [18] : 

𝑅 𝑏 = 

cos 𝜃
cos 𝜃𝑧 

(5) 

The actual heat ( �̇� 𝑢𝑠𝑒 ) absorbed by the ETC is calculated as below 

[18] : 

�̇� 𝑢𝑠𝑒 = �̇� 𝑐𝑜𝑙 ⋅ 𝐶 𝑝 ⋅
(
𝑇 𝑐𝑜𝑙, 𝑜𝑢𝑡 − 𝑇 𝑐𝑜𝑙, 𝑖𝑛 

)
(6) 

Here, the �̇� 𝑐𝑜𝑙 is the mass flow rate and 𝐶 𝑝 is the specific heat of water 

at constant pressure, respectively. The collector thermal efficiency ( 𝜂𝑡ℎ ) 

is the ratio of the actual heat absorbed ( �̇� 𝑢𝑠𝑒 ) by the collector to the total 

energy falling ( �̇� 𝑠𝑜𝑙 ) on the collector surface [3] . 

𝜂𝑡ℎ = 

�̇� 𝑢𝑠𝑒 

�̇� 𝑠𝑜𝑙 

(7) 

More details are specified in Table 1 . 

3.2. Hot water storage tank 

The absorbed solar radiation is transferred to the adsorption unit 

through a fully mixed type storage tank. Below equation governs the 

thermodynamic process in the storage tank [18] . 

𝑀 𝑠 𝐶 𝑝 

𝑑 𝑇 𝑠 

𝑑𝑡 
= �̇� 𝑢𝑠𝑒 − �̇� 𝑑𝑒𝑠 − �̇� 𝑠,𝑙𝑜𝑠𝑠 (8) 
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Table 1 

Design of an examined solar circuit. 

Particular Value 

Ground reflectance ( 𝜌) 0.2 [18] 

Solar constant ( 𝐼 𝑠𝑐 ) 1367 W/ m 

2 [18] 

Slope of collector ( 𝛽) 23.03° [18] 

Mass flow rate of hot water ( ̇𝑚 12 ∕ ̇𝑚 𝑐𝑜𝑙 ) 1 kg/s 

Latitude ( 𝜑 ) 23.03°

Mass of water in the storage tank ( 𝑀 𝑠 ) 3350 kg 

Area of collector ( 𝐴 𝑐𝑜𝑙 ) 100 m 

2 

Heat loss coefficient of the hot water storage tank ( 𝑈 𝑠 ) 2.26 W m 

− 2 K − 1 [18] 

Sun temperature ( 𝑇 𝑠𝑢𝑛 ) 5504 °C [18] 

Here, the �̇� 𝑑𝑒𝑠 is the heat of desorption and the 𝐶 𝑝 is the temperature- 

dependant specific heat of stored water at constant pressure. The con- 

vection heat losses ( �̇� 𝑠,𝑙𝑜𝑠𝑠 ) from the storage tank is calculated as below: 

�̇� 𝑠,𝑙𝑜𝑠𝑠 = 𝑈 𝑠 ⋅ 𝐴 𝑠 ⋅
(
𝑇 𝑠 − 𝑇 𝑎𝑡𝑚 

)
(9) 

Here, 𝑇 𝑠 and 𝑇 𝑎𝑡𝑚 represent the instantaneous temperature of stored 

water and atmosphere, respectively. The 𝐴 𝑠 is the surface area of the 

storage tank. 

3.3. Adsorption refrigeration cycle 

The mass ratio ( 𝑥 ) is the ratio of the adsorbed mass of adsorbate to 

the mass of adsorbent. From Dubinin–Astakhov equation [19] , the mass 

ratio ( 𝑥 ) can be related to the temperature ( 𝑇 ) and saturated pressure 

( 𝑃 0 ) as below: 

𝑥 = 𝑥 0 ⋅ 𝑒 
− 𝑘 

(
𝑇 

𝑇 0 
−1 

)𝑛 
(10) 

Here, the 𝑇 0 is the saturated temperature corresponding to the sat- 

urated pressure ( 𝑃 0 ) and 𝑥 0 is the mass ratio at saturated temperature. 

The 𝑘 and 𝑛 are the adsorptive parameters for AC35/CH 3 OH pair and 

their values are 13.289 and 1.33 respectively [20] . The heat of desorp- 

tion ( Δℎ 𝑑𝑒𝑠 ) must be supplied to desorb the refrigerant vapour as below: 

Δℎ 𝑑𝑒𝑠 = 𝑅 ⋅ 𝐶 ⋅
𝑇 

𝑇 𝐶 
(11) 

Here, the 𝑅 is the gas characteristic constant of the refrigerant and 

its value is 0.2598 kJ kg − 1 K 

− 1 for methanol and the value of 𝐶 is 4432 K 

for methanol [20] . Since the desorption takes place at condenser pres- 

sure, the condenser temperature ( 𝑇 𝐶 ) comes in the denominator of the 

above equation. Further, the amount of heat ( Δℎ 𝑎𝑑𝑠 ) released during the 

adsorption of refrigerant is calculated with Eq. (12) . 

Δℎ 𝑎𝑑𝑠 = 𝑅 ⋅ 𝐶 ⋅
𝑇 

𝑇 𝐸 
(12) 

The detailed thermodynamic processes are illustrated on Pressure- 

Temperature-Mass ratio ( 𝑃 − 𝑇 − 𝑋) diagram as shown in Fig. 2 . 

The adsorption refrigeration cycle consists of the main four pro- 

cesses: 

Isosteric heating (1–2) 

1) In this process, the bed temperature rises from 𝑇 1 to 𝑇 2 through 

the transference of sensible heat. Here, 𝑥 remains constant. Hence, it is 

defined as an Isosteric process. Below equations are useful to determine 

the energy ( 𝑄 1−2 ) requires during this process (1–2): 

𝑥 1 = 𝑥 2 (13) 

𝑄 1−2 = 

𝑇 2 
∫
𝑇 1 

(
𝑀 𝐶𝑢 ⋅ 𝐶 𝑝,𝐶𝑢 + 𝑀 𝑠𝑡 ⋅ 𝐶 𝑝,𝑠𝑡 + 𝑥 1 ⋅𝑀 𝑎𝑑 ⋅ 𝐶 𝑣,𝑟𝑒𝑓 ,𝑙 + 𝑀 𝑎𝑑 ⋅ 𝐶 𝑝,𝑎𝑑 

)
𝑑𝑇 

(14) 

𝐶 𝑝,𝑎𝑑 = 0 . 80251 + 0 . 00281 ⋅ 𝑇 (15) 

The 𝐶 𝑝,𝑎𝑑 is the temperature-dependant specific heat of adsorbent 

material. More details are accessible in Table 2 . 

Fig. 2. 𝑃 − 𝑇 − 𝑋 diagram of an adsorption refrigeration cycle. 

Table 2 

Design of an adsorption refrigeration cycle. 

Particular Value 

Number of adsorption bed 2 

Mass of a single adsorption bed ( 𝑀 𝑎𝑑 ) 22 kg 

Mass of copper coil in a single adsorption bed ( 𝑀 𝐶𝑢 ) 10 kg 

Mass of steel (SS304) in a single adsorption bed ( 𝑀 𝑠𝑡 ) 5 kg 

Specific heat of copper at constant pressure ( 𝐶 𝑝,𝐶𝑢 ) 0.39 kJ kg − 1 K − 1 

Specific heat of steel at constant pressure ( 𝐶 𝑝,𝑠𝑡 ) 0.5 kJ kg − 1 K − 1 

Void volume between bed material ( 𝑉 ) 0.00968 m 

3 

2) Heating and desorption (2–3) 

After reaching the condensation pressure, refrigerant starts to des- 

orb, and finally mass ratio reduces from 𝑥 2 to 𝑥 3 . During this, pressure 

remains constant and 𝑥 varies continuously. The heat interaction ( 𝑄 2−3 ) 

is calculated with Eq. (16) : 

𝑄 2−3 = 
𝑇 3 

∫
𝑇 2 

(
𝑀 𝐶𝑢 ⋅ 𝐶 𝑝,𝐶𝑢 + 𝑀 𝑠𝑡 ⋅ 𝐶 𝑝,𝑠𝑡 + 𝑥 ⋅𝑀 𝑎𝑑 ⋅ 𝐶 𝑝,𝑟𝑒𝑓 ,𝑙 + 𝑀 𝑎𝑑 ⋅ 𝐶 𝑝,𝑎𝑑 + 𝑀 𝑎𝑑 ⋅

𝑑𝑥 

𝑑𝑇 
⋅ Δℎ 𝑑𝑒𝑠 

)
𝑑𝑇 

(16) 

3) Isosteric cooling (3–4) 

Same as Isosteric heating, the Isosteric cooling takes place and the 

bed temperature reduces from 𝑇 3 to 𝑇 4 . Below equations are useful to 

determine the heat ( 𝑄 3−4 ) released during this process (3–4): 

𝑥 3 = 𝑥 4 (17) 

𝑄 3−4 = 

𝑇 3 
∫
𝑇 4 

(
𝑀 𝐶𝑢 ⋅ 𝐶 𝑝,𝐶𝑢 + 𝑀 𝑠𝑡 ⋅ 𝐶 𝑝,𝑠𝑡 + 𝑥 3 ⋅𝑀 𝑎𝑑 ⋅ 𝐶 𝑣,𝑟𝑒𝑓 ,𝑙 + 𝑀 𝑎𝑑 ⋅ 𝐶 𝑝,𝑎𝑑 

)
𝑑𝑇 

(18) 

4) Cooling and adsorption (4–1) 
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Refrigerant’s vapour coming from the evaporator at a temperature 

𝑇 7 , first heated by cooling water and then get adsorbed on the bed sur- 

face. Hence, 𝑥 increases continuously. The net heat ( 𝑄 4−1 ) released dur- 

ing this process is calculated from Eq. (19) : 

𝑄 4−1 = 

𝑇 4 
∫
𝑇 1 

(
𝑀 𝐶𝑢 ⋅ 𝐶 𝑝,𝐶𝑢 + 𝑀 𝑠𝑡 ⋅ 𝐶 𝑝,𝑠𝑡 + 𝑥 ⋅𝑀 𝑎𝑑 ⋅ 𝐶 𝑝,𝑟𝑒𝑓 ,𝑙 + 𝑀 𝑎𝑑 ⋅ 𝐶 𝑝,𝑎𝑑 

+ 𝑀 𝑎𝑑 ⋅
𝑑𝑥 

𝑑𝑇 
⋅ Δℎ 𝑎𝑑𝑠 − 

(
𝑇 − 𝑇 7 

)
⋅𝑀 𝑎𝑑 ⋅

𝑑𝑥 

𝑑𝑇 
⋅ 𝐶 𝑝,𝑟𝑒𝑓 ,𝑙 

)
𝑑𝑇 (19) 

Condensation and evaporation take place in the respective compo- 

nent. The refrigerant is sub-cooled in the condenser with the degree of 

sub cooing ( Δ𝑇 𝑆𝐶 ) of 5 °C and superheated at the exit of the evaporator 

with the degree of superheating ( Δ𝑇 𝑆𝐻 

) of 2 °C. Further, condensation 

( 𝑇 𝐶 ) and adsorption ( 𝑇 𝐴 ) temperatures are considered 5 °C above than 

atmospheric temperature ( 𝑇 𝑎𝑡𝑚 ) to ensure adequate heat transfer. 

𝑄 𝐶 = 

(
𝑥 1 − 𝑥 3 

)
⋅𝑀 𝑎𝑑 ⋅

(
ℎ 3 + 𝐿 𝐶 − ℎ 5 

)
(20) 

𝑄 𝐸 = 

(
𝑥 1 − 𝑥 3 

)
⋅𝑀 𝑎𝑑 ⋅

(
1 − 𝑞 6 

)(
ℎ 7 − ℎ 6 

)
(21) 

Here, ℎ represents the specific enthalpy, 𝐿 𝐶 represents the latent 

heat of condensation at 𝑇 𝐶 and 𝑞 stands for the quality of refrigerant. 

The detailed specification of an adsorption unit is tabulated in Table 2 . 

3.4. Performance parameters 

The coefficient of performance ( 𝐶𝑂𝑃 ) of the refrigeration cycle is 

the ratio of achieved refrigeration ( 𝑄 𝐸 ) to the net heat supplied ( 𝑄 1−2 + 

𝑄 2−3 ) to cycle. 

𝐶𝑂𝑃 = 

𝑄 𝐸 

𝑄 1−2 + 𝑄 2−3 
(22) 

Cycle time ( Δ𝑡 ) is calculated as below: (
𝑄 1−2 + 𝑄 2−3 

)
Δ𝑡 

= �̇� 12 ⋅ 𝐶 𝑝 ⋅
(
𝑇 12 − 𝑇 13 

)
(23) 

Cycle time ( Δ𝑡 ) plays a crucial role in the automation of the adsorp- 

tion refrigeration system. Performance of the solar cooling system repli- 

cates in system 𝐶𝑂𝑃 ( 𝑆𝐶𝑂𝑃 ) which is the product of adsorption cycle 

𝐶𝑂𝑃 and collector thermal efficiency ( 𝜂𝑐𝑜𝑙 ) as below: 

𝑆𝐶 𝑂𝑃 = 𝐶 𝑂𝑃 ⋅ 𝜂𝑐𝑜𝑙 (24) 

The mass of ice ( ̇𝑚 14 ) produced is calculated as below: 

𝑄 𝐸 

Δ𝑡 
= �̇� 14 ⋅

(
𝐶 𝑝 ⋅ 𝑇 14 + 𝐹 

)
(25) 

Here, the 𝐹 stands for the fusion enthalpy of water. 

The exergetic efficiency ( 𝜂𝐼𝐼 ) of the system is the ratio of output 

product exergy to the supplied heat exergy. 

𝜂𝐼𝐼 = 

𝑄 𝐸 ⋅
(
1 − 

𝑇 𝐸 +273 . 15 
𝑇 𝑎𝑡𝑚 +273 . 15 

)

( 𝑄 1−2 + 𝑄 2−3 ) ⋅
(

𝑇 12 +273 . 15 
𝑇 𝑎𝑡𝑚 +273 . 15 

− 1 
) (26) 

4. Methodology 

The formulated thermodynamic model is solved by developing two 

programming codes. In the first one, MATLAB tool [21] was utilized 

to calculate solar radiation ( 𝐺 𝑇 ) and then thermodynamic performance 

was evaluated by Engineering Equation Solver (EES) [22] software. To 

calculate solar radiation ( 𝐺 𝑇 ), weather data are collected for Ahmed- 

abad (23.03°N, 72.58°E) city in western India [23] . The programming 

codes follow the methodology as shown in Fig. 3 . During the analysis, 

mass flow rate of source (hot) water ( ̇𝑚 12 ) was kept constant as 1 kg/s 

and temperature of hot water was assumed to be dropped by 7 °C af- 

ter transferring heat to the adsorption beds [24] . The thermodynamic 

and physical properties of refrigerant are obtained from the EES library 

[22] . 

Fig. 3. Step by step procedure of simulation. 

5. Model verification 

The designed solar adsorption refrigeration system is verified into 

two steps. The solar circuit (Evacuated tube collector and storage tank) 

is validated first in Sections 5.1 and 5.2 represents the validation of the 

adsorption cycle. 

5.1. Evacuated tube collector and hot water storage tank 

The appropriate data are referred from Duffie and Beckman [18] for 

validation purpose only and obtained results are tabulated in Table 3 . 

5.2. Adsorption cycle 

The adsorption cycle is validated by comparing the obtained out- 

comes with the results of Sur and Das [17] . As seen from Table 4 , the 

value of the coefficient of performance ( 𝐶𝑂𝑃 ) deviated by only 1.08% 

due to the minor variations in refrigerant’s properties. In the present 

model, authors have called EES library [22] functions whereas Sur and 

Das [17] have considered empirical relations to calculate the thermo- 

physical properties of the refrigerant. 

Results and discussion 

In this section, results obtained from the thermodynamic compar- 

isons of the steady-state and dynamic model are graphically exemplified 

and discussed. The feasibility of a sustainable solar refrigerator has been 

proved by reduced GHG emissions and simple payback period. 
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Table 3 

Validation of the solar circuit. 

𝐴 𝑠 = 11 . 1 𝑊 ∕ ◦𝐶, 𝑀 𝑠 = 1500 𝑘𝑔, 𝑇 𝑎𝑡𝑚 = 20 ◦𝐶, 𝑇 𝑠 ( 𝑡 = 0 ) = 35 ◦𝐶

Hour �̇� 𝑢𝑠𝑒 (MJ) Load (MJ) 𝑇 𝑠 ( 𝑡 = 𝑡 ) , °C 
𝑇 𝑠 ( 𝑡 = 𝑡 + 1 ) , °C 
Duffie and Beckman [18] Present study 

1 0 14 35 32.6 32.6 

2 0 18 32.6 29.7 29.7 

3 0 21 29.7 26.3 26.3 

4 21 20 26.3 26.4 26.4 

Table 4 

Model verification of an adsorption cycle. 

= 90 °C, 𝑇 𝐸 = 0 °C, 𝑇 𝐶 = 35 °C, 𝑇 1 = 30 °C 

Parameters Sur and Das [17] Present Model Difference (%) 

𝑄 1−2 (kJ) 1476 1476 0.00 

𝑄 2−3 (kJ) 3895 3895 0.00 

𝑄 𝐸 (kJ) 2668 2563 − 3.94 

𝐶𝑂𝑃 0.4824 0.4772 − 1.08 

Table 5 

Designed parameters for present study. 

Particular Value 

Evaporator temperature ( 𝑇 𝐸 ) − 2 °C 

Mass flow rate of hot water ( ̇𝑚 12 ) 1 kg/s 

Inlet temperature of cold water in the evaporator ( 𝑇 14 ) 15 °C 

Condenser temperature ( 𝑇 𝐶 ) 𝑇 𝑎𝑡𝑚 + 5 
Adsorption temperature ( 𝑇 𝐴 / 𝑇 1 ) 𝑇 𝑎𝑡𝑚 + 5 
Generation (highest bed) temperature ( 𝑇 𝐺 / 𝑇 3 ) 80 °C to 130 °C 

Heat source temperature ( 𝑇 12 ) 100 °C to 130 °C 

Ambient temperature ( 𝑇 𝑎𝑡𝑚 ) 20 °C to 40 °C 

Fig. 4. Variation of 𝐶𝑂𝑃 and 𝜂𝐼𝐼 with Generation Temperature. 

6.1. Steady-state analysis 

Design parameters for steady-state and parametric evaluation are 

tabulated in Table 5 . Pumping power is not considered for the present 

analysis. The ambient condition ( 𝑇 𝑎𝑡𝑚 = 30 ◦𝐶, 𝑃 𝑎𝑡𝑚 = 101 𝑘𝑃 𝑎 ) held 

constant during steady-state analysis. 

Fig. 4 illustrates the behaviour of 𝐶𝑂𝑃 and exergetic efficiency 

( 𝜂𝐼𝐼 ) with the generation (highest bed) temperature ( 𝑇 3 ∕ 𝑇 𝐺 ). Initially, 

the 𝐶𝑂𝑃 increases with generation temperature and decreases after 

getting the peak value for the fixed ambient condition. The exer- 

getic efficiency ( 𝜂𝐼𝐼 ) exhibits the same behaviour as 𝐶𝑂𝑃 . However, 

the 𝐶𝑂𝑃 is optimized at higher generation temperature of 116.20 

°C, whereas 𝜂𝐼𝐼 optimized at lower generation temperature of 97.93 

°C. These optimized values of 𝐶𝑂𝑃 and 𝜂𝐼𝐼 are 0.3287 and 7.65% 

Fig. 5. Variation of 𝐶𝑂𝑃 and 𝜂𝐼𝐼 with ambient temperature. 

respectively for the evaporator temperature ( 𝑇 𝐸 ) of − 2 °C. Hence, 

higher heat source temperature is recommended for optimized energetic 

performance. 

Since the condenser ( 𝑇 𝐶 ) and adsorbent ( 𝑇 𝐴 ) temperature depends 

upon the ambient temperature ( 𝑇 𝑎𝑡𝑚 ), the effect of ambient tempera- 

ture is disclosed. For that, the generation ( 𝑇 𝐺 = 100 ◦𝐶) and evaporator 

( 𝑇 𝐸 = −2 ◦𝐶) temperatures are kept constant and 𝑇 𝑎𝑡𝑚 is varied from 20 

°C (winter condition) to 40 °C (summer condition) to account seasonal 

effects on the performance of the system. As depicted from Fig. 5 , 𝐶𝑂𝑃 

decreases continuously with 𝑇 𝑎𝑡𝑚 . However, 𝜂𝐼𝐼 increases initially and 

then decreases. Energetically, the performance is optimized at lowest 

𝑇 𝑎𝑡𝑚 which is 20 °C and the maximum 𝐶𝑂𝑃 is 0.4385, whereas it is 

optimized at 32.50 °C with 𝜂𝐼𝐼 of 7.86% from exergetic point of view. 

It is noteworthy that 𝑇 𝐺 must be greater than 𝑇 2 to ensure the des- 

orption of refrigerant. However, 𝑇 2 varies with 𝑇 𝑎𝑡𝑚 . Therefore, 𝑇 𝐺 is 

selected as 100 °C to ensure desorption at each operating condition. Fur- 

ther, the demand of heat source temperature ( 𝑇 12 ) increases with ambi- 

ent temperature. Hence, the system will be operated on higher heating 

load during summer. Instantaneous values of thermodynamic outcomes 

at designed points are tabulated in Table 6 . 

As seen in Fig. 6 , cycle time ( Δ𝑡 ) increases linearly with heat source 

temperature ( 𝑇 12 ). Since higher 𝑇 12 demands a large amount of des- 

orption heat ( 𝑄 1−2 + 𝑄 2−3 ), the system will take longer time to desorb 

refrigerant. Further, ice production rate ( ̇𝑚 14 ) also increases with 𝑇 12 , 

however, it follows the 𝐶𝑂𝑃 curve as shown in Fig. 4 . 

Fig. 7 illustrated that Δ𝑡 decreases linearly with 𝑇 𝑎𝑡𝑚 . Since higher 

𝑇 𝑎𝑡𝑚 demands a lower amount of desorption heat ( 𝑄 1−2 + 𝑄 2−3 ), the sys- 

tem will take lesser time to desorb refrigerant. Here also the �̇� 14 de- 

creases with 𝑇 𝑎𝑡𝑚 , however, the curve is not linear. 

At designed points, the system produces 0.023 kg of ice per second 

and takes 3 min to complete one cycle. Hence, total 4.14 kg of ice will be 

produced after one successful cycle. Consequently, the system will take 

approximate 12 h to produce 1 ton of ice. However, the operating con- 

ditions must remain constant during these 12 h, otherwise, degradation 

might be observed. 
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Table 6 

Thermodynamic outcomes of an adsorption cycle at 

designed points. 

Input Parameters 

𝑇 𝑎𝑡𝑚 = 30 ◦𝐶, 

𝑇 12 = 112 ◦𝐶, 

𝑇 𝐸 = −2 ◦𝐶, �̇� 12 = 1 kg ∕s 

Process Heat Energy 

Interaction (kW) 

1–2 11.08 

2–3 18.53 

3–4 11.37 

4–1 16.31 

Condensation 21.30 

5–6 –

Evaporation (cooling 

load) 

9.25 

Output Parameters 𝐶𝑂𝑃 = 0 . 3123 , 
𝜂𝐼𝐼 = 7 . 64% 
Δ𝑡 = 3 𝑚𝑖𝑛 , 

�̇� 14 = 0 . 023 kg ∕s 

Fig. 6. Variation of cycle time and ice production rate with heat source tem- 

perature. 

Fig. 7. Variation of cycle time and ice production rate with ambient tempera- 

ture. 

6.2. Greenhouse gas (GHG) reduction 

This subsection illuminates the environmental benefits of the pro- 

posed solar adsorptive ice maker. In India, the emission factor of the 

coal-based power plant is 0.95 kg ( 𝐶 𝑂 2 )/ kWh [25] . If conventional 

compression cycle is considered instead of the proposed system to pro- 

duce 1 ton of ice then 𝐶 𝑂 2 emissions would be calculated as below: 

Required refrigeration capacity ( �̇� 𝐸 ) = 9.25 kW 

Assumed 𝐶𝑂𝑃 of compression system = 3.0 

Fig. 8. Variation of 𝐺 𝑇 and 𝑇 𝑎𝑡𝑚 during April month. 

Power required ( �̇� 𝐶𝑜𝑚𝑝 ) = 

�̇� 𝐸 

𝐶𝑂𝑃 
= 

9 . 25 
3 . 0 = 3.08 kW 

Consumed kWh to produce 1 ton of ice = 3 . 08 × 12= 36.96 kWh 

Hence, the reduction in carbon dioxide ( C O 2 ) emission 

(daily) = 0 . 95 × 36 . 96= 35.11 kg 

Therefore, the proposed sustainable solar ice maker will reduce C O 2 
emissions by approximate 12.82 ton (yearly). 

6.3. Economic assessment 

An economic analysis is carried out by utilizing simple but effective 

tool i.e. simple payback period (SPP). This subsection clarifies the eco- 

nomic benefits of the designed solar adsorptive ice maker. The simple 

payback period (SPP) is defined as the ratio of total investment cost to 

the savings. 

The total investment cost ( 𝐶 𝑖 ) consists of the cost of solar collector, 

cost of storage tanks, cost of valves, cost of adsorption chiller and other 

operating and maintenance costs (0.1% of primary cost [26] ). Authors 

have considered the commercialized market price for economic analysis. 

Detailed cost break up is tabulated in Table 7 . 

Saving of the electricity cost can be calculated as below: 

The specific cost of electricity in India ( 𝐶 𝑒 ) = 0.08 US$/kWh 

Yearly electricity load of compression cycle = 3 . 08 × 12 ×
365 13,490 kWh 

Saving from proposed sustainable system ( 𝐶 𝑆 ) = 0 . 08 × 13 , 490 1079 

US$. 

As defined, the simple payback period (SPP) is determined as below: 

𝑆𝑃 𝑃 = 

𝐶 𝑖 

𝐶 𝑆 

= 

3 , 964 
1079 

= 3 . 67 𝑌 𝑒𝑎𝑟𝑠 

Hence, the proposed sustainable system will take practically 4 years 

to recover the invested money. Further, a major part of the primary cost 

is shared by the solar circuit. 

6.4. Dynamic simulation 

Heat source temperature ( 𝑇 12 ) cannot retain constant as solar ra- 

diation fluctuates continually throughout the day. Further, the ambient 

temperature also varies during the day. Therefore, dynamic analysis has 

been carried out to recognize the effects of ambient variations on the 

performance of the proposed sustainable system. 

Meteorological data [23] are taken on the mean day of each month 

at Ahmedabad city in India and the available solar radiation ( 𝐺 𝑇 ) is cal- 

culated throughout the day. Since maximum solar radiation is available 

in April month, results are analysed only for that day as illustrated in 

Fig. 8 . Variation in ambient temperature ( 𝑇 𝑎𝑡𝑚 ) throughout the day of 
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Table 7 

Cost break up for the proposed solar ice maker. 

Sr. No. Parameter Unit price Quantity Cost References 

Cost of Solar Circuit and Storage Tanks 

1 Cost of solar collectors 24.5 US$/m 

2 100 m 

2 2450 US$ –

2 Cost of storage tanks 180 US$/unit 3 unit 540 US$ [27] 

Total 2990 US$ –

Cost of an Adsorption Unit (Chiller) 

1 Cost of valves 1.4 US$/unit 20 unit 28 US$ –

2 Cost of AC35 0.8 US$/kg 50 kg 40 US$ 

3 Cost of methanol 0.5 US$/kg 35 kg 17 US$ 

4 Cost of SS304 2.5 US$/kg 10 kg 25 US$ 

5 Cost of copper coil 7.5 US$/kg 20 kg 150 US$ 

6 Cost of evaporator (10 kW) 120 US$/unit 1 unit 120 US$ 

7 Cost of condenser (25 kW) 420 US$/unit 1 unit 420 US$ 

8 Cost of water pump 34 US$/unit 5 unit 170 US$ 

Total 970 US$ –

Total Primary Cost 3960 US$ –

Operating and Maintenance Cost 4 US$ [26] 

Total Investment Cost ( 𝐶 𝑖 ) 3964 US$ –

Fig. 9. Variation of 𝐶𝑂𝑃 and 𝜂𝐼𝐼 throughout the day of April Month. 

April month is also presented in Fig. 8 . Here, 𝑇 𝑎𝑡𝑚 is varying in large 

proportion i.e. from 27 °C to 42 °C. 

As seen from Fig. 9 , the system will start to perform after 1:00 p.m. as 

solar collector takes almost 5 h to reach 120 °C from 60 °C. Further, the 

maximum cycle 𝐶𝑂𝑃 (0.205) is lower than that of the steady-state anal- 

ysis (0.3287). The 𝐶𝑂𝑃 value is decreased by 37.63% as 𝑇 𝑎𝑡𝑚 is quite 

higher after 1:00 p.m. in April ( Fig. 8 ). Hence, it is proved that the dy- 

namic analysis plays an important role to predict the actual performance 

of the designed system. 

Fig. 10 illustrates the variation of cycle time ( Δ𝑡 ) and the ice produc- 

tion rate for April month. The Δ𝑡 varies between 0.5 min and 2.7 min 

which is lower than that of the steady-state value. Besides, the maximum 

ice production rate decreases from 82.8 kg/hr. to 56 kg/hr. (reduces by 

32.36%). Hence, under real operating conditions, the designed system 

may consume more than 12 h to produce 1 ton of ice. 

Since the designed system is powered by the renewable source of 

energy, it is essential to integrate collector performance with adsorption 

cycle. As seen in Fig. 11 , collector performance degrades from 68% to 

33% at higher temperatures, whereas 𝑆𝐶𝑂𝑃 increases first and then 

decreases. The proposed solar ice maker achieves a maximum 𝑆𝐶𝑂𝑃 of 

0.082 in April month. Further, the Specific Refrigeration Capacity (SRC) 

varies from 29.2 g m 

− 2 to 61.6 g m 

− 2 throughout the day. 

7. Conclusions 

In this paper, thermodynamic, economic, and environmental perfor- 

mances of a solar-driven activated carbon-35 (AC35)/methanol oper- 

ated adsorptive ice maker are investigated and discussed. The most af- 

Fig. 10. Variation of cycle time and ice production rate throughout the day. 

Fig. 11. Variation of collector efficiency and 𝑆𝐶𝑂𝑃 throughout the day. 

fecting critical parameters are identified as heat source temperature and 

ambient temperature from the steady-state analysis. Further, their ef- 

fects on system performance are discussed with parametric assessments. 

The heat source temperature must be controlled above 90 °C when the 

ambient temperature varies between 30 °C and 40 °C to ensure con- 

tinuous production of ice at − 2 °C. This happens only when the solar 

radiation is above 800 W/m 

2 . The optimized 𝐶𝑂𝑃 and exergetic effi- 

ciency are found to be 0.3287 and 7.65% at generation temperature of 

116.20 °C and 97.93 °C respectively. The environmental assessment de- 

termined that the proposed ice maker could reduce approximate 12.82 
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ton of carbon dioxide emissions yearly. Further, an economic study in- 

dicated that the proposed system would recover the invested money in 4 

years. Dynamic modelling and simulation proved that the ice production 

rate and cycle 𝐶𝑂𝑃 were decreased by 32.36% and 37.63% respectively 

when the system was operated under real ambient conditions. Further, 

the system could achieve a maximum 𝑆𝐶𝑂𝑃 of 0.082 and maximum 

specific refrigeration capacity (SRC) of 61.6 g m 

− 2 area of the collector 

in April month. 
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a b s t r a c t 

An appropriate microenvironment for preserving cultural relics is essential, and the air-water direct contact tech- 

nology is utilized to create the microenvironment recently. The influence of a deflector in a tank was numerically 

investigated based on uniform design method to improve the heat and mass transfer and pressure drop perfor- 

mance of the air-water direct tank. In this study, a simplified CFD-based model was established and validated 

between airstream and water surface within the tank, to analyze the heat and mass transfer and pressure drop 

processes. Meanwhile, regression models of the heat transfers rate, mass transfer rate and pressure drop were 

developed by uniform design method based on three parameters: installation position, tilt angle, and height of 

the deflector, in order to analyze the influences of these three parameters on the heat and mass transfer and 

pressure drop of the tank. Finally, all three optimal structural parameters of the deflector were obtained based 

on the proposed comprehensive evaluation index using a genetic algorithm. The results showed that the model 

established for air-water direct contact adopted well to predict the heat and mass transfer and pressure drop per- 

formance between airstream and still water surface. Furthermore, the results found that the flow field inside the 

water tank was affected by the deflector’s structure, which affected the heat and mass transfer performance. The 

simulation results suggested that the deflector’s optimal structural parameters are 8 mm of installation position, 

88 ° of tilt angle and 19 mm of height, respectively, within a given extent in this study. 

1. Introduction 

The preservation of cultural relics in the museum requires the air 

temperature and humidity maintained at a proper extent. According to 

the newly released standard for the architectural design of museums in 

China (JGJ66–2015), the required air temperature and humidity stan- 

dards for cultural relics with different material characteristics are dif- 

ferent [1 , 2] . Therefore, the centralized air-conditioning system cannot 

meet the different air temperature and humidity demands of cultural 

relics. Besides, there is intense heat and mass coupling during air treat- 

ment in the cooling coil of the system, which will cause energy compen- 

sation significantly [3 , 4] . Hence, the individual display cases used in 

the museum have become the main and basic unit for preservation and 

exhibition of cultural relics [5 , 6] , which have the advantages of small 

size, convenience, energy-saving, and low cost, etc. 

At present, the microenvironment control strategy in display cases 

can be classified into two catalogues: passive control and active control. 

Passive control adjusts the air humidity through absorption and desorp- 

tion of inorganic salt solution or hygroscopic material [7 , 8] , which is 

an economical and energy-saving method. However, humidity control 

∗ Corresponding author at: Key Laboratory of Refrigeration and Cryogenic Technology of Zhejiang Province, Zhejiang University, Hangzhou 310027, China. 

E-mail address: xuejzhang@zju.edu.cn (X. Zhang). 

is limited by the environment and material characteristics [9] , and the 

absorption/desorption rate is slow [10] . Active control refers to achiev- 

ing the control of air temperature and relative humidity in display cases 

using a small-scale air conditioning system and the corresponding con- 

trol technology, which is currently widely utilized [11] . The British mu- 

seum successfully applied the humidifier and dehumidifier to the indi- 

vidual display cases in 1968, which marked the formal popularization 

of the active control technology in the museum’s microenvironment 

[12] . Wan [13] realized the control of air temperature and humidity 

in the small individual display cases based on semi-conductor refrig- 

eration technology combined with PLC. Han [14] compared the dehu- 

midification characteristics of semi-conductor refrigeration and desic- 

cant, results demonstrated that the dehumidification capacity of semi- 

conductor refrigeration was more sustainable and energy-saving. Wang 

[15] used diffusion absorption refrigeration instead of semi-conductor 

refrigeration, and adopted the air-water direct contact technology for 

humidity treatment. The experimental results revealed that the system 

could continuously control the relative humidity between 40 and 75%, 

and the fluctuation value could be controlled within 2%. Above all, 

it can be seen that semi-conductor refrigeration has been the largely 

https://doi.org/10.1016/j.enbenv.2021.01.005 

Received 6 September 2020; Received in revised form 10 January 2021; Accepted 17 January 2021 

Available online 26 January 2021 

2666-1233/Copyright © 2021 Southwest Jiatong University. Publishing services by Elsevier B.V. on behalf of KeAi Communication Co. Ltd. This is an open access 

article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.enbenv.2021.01.005
http://www.ScienceDirect.com
http://www.keaipublishing.com/en/journals/energy-and-built-environment/
mailto:xuejzhang@zju.edu.cn
https://doi.org/10.1016/j.enbenv.2021.01.005
http://creativecommons.org/licenses/by-nc-nd/4.0/


N. Wang, M. Yu, X. Zhang et al. Energy and Built Environment 3 (2022) 190–200 

Nomenclature 

A normalized result of the heat transfer rate 

B normalized result of the mass transfer rate 

C normalized result of pressure drop 

c p specific heat capacity, kJ (kg •°C) -1 

D diffusion coefficient, m 

2 s -1 

d droplet diameter of liquid, mm 

F statistic value 

F a test threshold 

g gravity acceleration, m s -2 

h specific enthalpy, J kg -1 

J mass flux, kg ( m 

2 •s) -1 

k weights of the targets C 

M molecular mass 

m mass transfer rate, kg s -1 

m a,i mass flow rate, kg (m 

2 .s) -1 

∆P pessure drop, Pa 

p static pressure, Pa 

Q heat transfers rate, W 

R thermodynamic parameters, 8.314 J/(mol •K) -1 

R a correlation coefficients 

r latent heat, kJ kg -1 

Sc t schmidt number 

S m 

source term of mass 

S h source term of energy 

v velocity 

Abbreviations 

T temperature, K 

t temperature, K 

v velocity, m s -1 

x 1 distance of deflector to inlet, mm 

x 2 tilt angle of deflector, °

x 3 height of deflector, mm 

Y comprehensive evaluation index 

Greek symbols 

𝛼 volume fraction 

𝜌 density, kg m 

-3 

𝛽 weights of the targets A 

𝜂 weights of the targets B 

𝜆 thermal conductivity, W (m K) -1 

𝜎 condensation coefficient 

𝜏 stress tensor 

𝜇 dynamic viscosity, Pa s 

𝜑 relative humidity,% 

Subscript 

eff effective 

v vapor 

v,m mass of vapor 

a,i air inlet 

a,o air outlet 

max maximum 

min minimum 

sat saturation 

p constant pressure 

t Turbulence 

w mass fraction 

coeff coefficient of mass transfer with phase change 

PLC Programmable Logic Controller 

UDF User Defined Function 

employed in microenvironment control of individual display cases ow- 

ing to its simple structure, but it has disadvantages of low cooling ca- 

pacity [16] , high heat dissipation requirements [17 , 18] and inability to 

adjust air temperature and humidity at the same time [19] . Therefore, 

new refrigeration technology and heat transfer method for air tempera- 

ture and humidity control in individual display cases need to be further 

developed. 

The direct contact between air and water in a tank is a new and 

effective technology among the active control technologies. It can be 

employed for handling sensible and latent heat loads in individual dis- 

play cases to regulate air temperature and humidity for cultural relic 

protection [20] . At present, the technology of air-water direct contact 

has been intensively studied and widely applied in direct evaporative 

cooler, spray chamber, and cooling tower in recent decades [21 –23] , in 

particular, the principle is that the heat and mass transfer occurs be- 

tween air and water by direct contact to adjust both the air tempera- 

ture and humidity. The performances of air-water direct contact have 

been widely investigated separately through experimental tests and nu- 

merical analysis. Performance influencing factors such as air and water 

flow rates, inlet air relative humidity, and temperature have been ob- 

tained, and some optimization methods have been proposed [24 –27] . 

Sureshkumar et al. [28] conducted experimental studies for parallel and 

counter flow configurations on evaporative cooling by water sprays un- 

der different conditions. The results indicated a smaller nozzle could 

produce more cooling at higher pressure with a given water flow rate. 

Yao et al. [29] carried out experiments in a counter-flow system with a 

direct evaporative cooling process under different temperature ranges. 

The results revealed that cooling efficiency could reach 88%. Besides, 

the relationships between cooling efficiency and temperature difference 

had been analyzed. Song [30] deduced general equations to explain the 

internal relationship among state parameters related to the heat and 

mass transfer process, and proposed a method to solve the equations 

set by MATLAB. Gu et al. [31] conducted a numerical study to simu- 

late the heat and mass transfer between flowing air and water surface. 

The results showed that the heat and mass transfer coefficients decrease 

with increasing water surface temperature and increasing mass flux. The 

influence of the air variability on the heat transfer is significant and 

complicated, but it is inconspicuous on the mass transfer. Schwartze 

and Bröcker [32] studied the evaporation of water into the vapor, they 

found that the evaporation rate of into pure superheated steam is higher 

than into dry air above the inversion temperature. Moreover, they re- 

fined more precise definitions of the inversion temperature. Wang et al. 

[33] carried out numerical simulations of heat and mass transfer be- 

tween flowing humid air and water in counter-flow spray saturator. The 

results demonstrated that the air temperature and relative humidity in- 

crease as the height of saturator increases. Although there are many 

investigations on the direct contact between flowing air and flowing 

water, few experimental findings and published literature reported the 

direct contact between flowing air and still water surface, they focused 

on the water evaporation efficiency, but less attention paid to the vari- 

ation of air in the few studies. Furthermore, there is almost no research 

on condensation between flowing air and still water surface. 

The deflector structure in an air-water direct contact tank plays an 

essential role in improving heat and mass transfer efficiency and main- 

taining air pressure drop. Therefore, the deflector’s structural optimiza- 

tion in an air-water direct contact tank used in museum display cases to 

regulate air temperature and humidity is essential and instructive. Re- 

cent research about the deflector structure has been generally focused 

on the deflecting air distribution features [34 , 35] and the heat trans- 

fer enhancement of various heat exchange equipment [36 , 37] . Shi et al. 

[38] demonstrated the deflecting features of the deflector during the 
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Fig. 1. Structure of (a) display case (b) original tank (c) simplified tank. 

launch process used a dynamical simulation of the gas jet. The results 

showed a good deflection effect on the gas flow, also showed the re- 

duced ablative effect and knock-on effect on the device at the same time. 

Wang et al. [39] studied the features by simulating the jet flow around 

three different kinds of deflectors, respectively, the results indicated that 

the double-faced deflector had the best guiding performance, while the 

triple-faced deflector had a bad effect and the single-faced deflector did 

not affect. Carbone and Joseph [40] performed a comprehensive evalu- 

ation for sluiceway deflectors by using CFD based on the model devel- 

oped by Politano [41] , which was used to assess the performance of the 

deflectors. Rosas et al. [42] carried experiments to investigate the pres- 

sure drop and heat transfer in an electronic module, which directed the 

flow to a recirculation zone enclosed by two heat sources using a curved 

deflector. Results indicated that the deflector of a large size at a small 

vertical distance could enhance the heat transfer. Lorenzini-Gutierrez 

et al. [43] investigated the effect of the different geometric parameters 

on the hydraulic and thermal behavior by experimental and numerical 

multifactor analysis to propose a configuration at a balance between the 

maximum heat transfer and the minimum pressure drop. However, the 

present work of the deflector mainly focuses on the deflecting features 

of flow and the heat transfer in ordinary heat exchangers according to 

the mentioned research above, the characteristic research and analysis 

of both heat and mass transfer and flow on the deflector in an air - water 

direct contact tank are lacked. 

In this paper, to study the deflector’s influence on the simultaneous 

heat and mass transfer rate and pressure drop in an air-water direct con- 

tact tank, a simulation model was built and verified by CFD. The simu- 

lation tests were assigned by the uniform design method. Furthermore, 

the results were summarized to regression models by SPSS to optimize 

the structure parameters of the deflector based on the proposed com- 

prehensive evaluation index. This work may provide some theoretical 

guidance for design, structural optimization, and performance improve- 

ment of air-water direct contact equipment. 

2. Physical and mathematical model 

2.1. Physical model 

In this study, the experimental setup consists of an individual dis- 

play case, a stirling cryocooler and an air-water direct contact tank. The 

schematic diagram of the overall device is provided in Fig. 1 . (a). The 

cold head of stirling cryocooler and a steel strip heater are placed in 

an optimally designed tank to control the water temperature, which 

achieves the precise adjustment of air relative humidity and temper- 

ature in the microenvironment. The tank is the key component of the 

direct contact equipment where transfers heat and mass between air and 

water to adjust the air temperature and the humidity. The deflector in 

the tank can regulate the air flow distribution to improve the flow field’s 

uniformity and enhance heat transfer efficiency. The tank is considered 

as the research object in this work to investigate the deflector’s influence 

on the flow and heat and mass transfer. 

Fig. 2. Mesh of the computational domain. 

The original structure of the tank was presented principally in Fig. 1 . 

(b), the air inlet and outlet are placed on the left and top of the tank, 

respectively, and a certain amount of water contained at the bottom 

of the tank, which can be cooled by cold source. Air was introduced 

through the inlet to the tank by a fan, and then passed through the 

water surface, after the sufficient heat and mass transfer between air 

and water surface under the deflection of the deflector, the adjusted air 

left the tank through the outlet. The structure of the tank is simplified 

for ease of calculation, and the variable structural parameters are shown 

in Fig. 1 . (c), which includes the distance to inlet, that is installation 

position( x 1 ), tilt angle( x 2 ), and height( x 3 ) of the deflector. Other fixed 

parameters, such as the size of the tank, universal water level, diameter, 

and position of the inlet and outlet, are also shown in Fig. 1 . (c). 

The whole device is controlled by PLC (Programmable Logic Con- 

troller), and a display control screen is installed to facilitate control 

operations. It is well known that the driving force of heat and mass 

transfer is temperature difference and partial water vapor pressure dif- 

ference between air and water surface, respectively. Therefore, increase 

the heater’s power when the air humidity is below the target value, 

which can cause an increase in the partial water vapor pressure differ- 

ence between air and water surface, increasing mass transfer rate. Simi- 

larly, increase the power of stirling cryocooler when the air temperature 

and relative humidity is above the target value, which will bring out a 

decrease of water temperature, and an increase of temperature differ- 

ence and partial water vapor pressure difference between air and water 

surface, which could bring more considerable heat and mass transfer 

rate. 

2.2. Mathematical model 

A three-dimensional modeling and structured grid generation of air- 

water direct contact tank were carried out by software ICEM CFD. Fig. 2 

shows the grid at the air inlet and outlet and the deflector in detail. 

Due to the tank’s irregular internal structure, the computational domain 

was adopted block grid division, and the o-block grid was divided at 

the outlet. Besides, interface treatment was carried out at the interface 
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simultaneously to ensure that all meshes quality was above 0.65, which 

is relatively ideal. 

Numerical simulation software Fluent was used for numerical calcu- 

lation of the air-water direct contact tank model. According to the prin- 

ciple of heat and mass transfer between air and water, several assump- 

tions are made to simplify the analysis [44] . The significant assumptions 

were: 

• The process of heat and mass transfer and flow between air and water 

is in a steady-state; 
• The fluctuation of the water surface in the tank is negligible, regards 

the water surface as a layer of saturated air with uniform distribution 

whose temperature equal to water temperature; 
• The vapor - air mixture is considered as single-phase multi-species 

field; 
• The air is considered as an incompressible ideal gas, whose density, 

specific heat capacity, and other parameters are constant in the cal- 

culation process; 
• The heat exchange between the tank and the outside environment is 

negligible; 
• The viscous dissipation of the flow is negligible. 

Based on the above assumptions, the governing equations of the 

multi-component mixed gas are as follows: 

Continuity equation: 

∇ ⋅
(
𝜌⃖⃗𝑣 

)
= 𝑆 m (1) 

Momentum equation: 

∇ ⋅
(
𝜌⃖⃗𝑣 ⃖⃗𝑣 

)
= −∇ 𝑝 + ∇ ⋅ ( 𝜏) + 𝜌⃖⃗𝑔 (2) 

𝜏 = 𝜇
(
∇ ⃖⃗𝑣 + ⃖⃗𝑣 

𝑇 
)

(3) 

Energy equation: 

∇ ⋅
(
⃖⃗𝑣 ( ℎ𝜌 + 𝑝 ) 

)
= ∇ ⋅

(
𝜆eff ∇ 𝑇 − ℎ v ⃖⃗⃖𝐽 v 

)
+ 𝑆 h (4) 

𝜆eff = 𝜆 + 𝜆t (5) 

Composition equation: 

∇ ⋅
(
𝜌⃖⃗𝑣 𝑤 v 

)
= −∇ ⋅ ⃖⃖⃗𝐽 v (6) 

⃖⃖⃗𝐽 v = − 

( 

𝜌𝐷 v , m + 

𝜇

𝑠 𝑐 𝑡 

) 

∇ ⋅𝑤 v (7) 

where 𝜌 is the density, kg m 

− 3 ; v is the velocity, m s − 1 ; S m 

is the source 

term of mass; p is the static pressure, Pa; 𝜏 is the stress tensor; g is the 

gravity acceleration, m s − 2 ; 𝜇 is the dynamic viscosity, Pa •s; h is the 

specific enthalpy, J kg − 1 ; 𝜆eff and 𝜆t are the effective thermal conduc- 

tivity and turbulent thermal conductivity respectively, W (m K) − 1 ; T is 

the temperature, K; J v is the mass flux of vapor, kg (m 

2 •s) − 1 , and the 

subscripts v indicates the vapor; S h is the source term of energy; w v is the 

mass fraction of vapor; D v,m 

is the mass diffusion coefficient of vapor, 

m 

2 s − 1 ; Sc t is the Schmidt number. 

The phase change mass transfer Lee- formula [45] is widely used 

to simulate evaporation and condensation [46-48] . It is derived from 

the Hertz Knudsen-equation [49] , which is simple, reliable, and easy to 

calculate. The Lee-equation for the condensation process lists as below 

𝑚 = 𝑐𝑜𝑒𝑓𝑓 × 𝛼𝑣 𝜌𝑣 ×
𝑇 𝑠𝑎𝑡 − 𝑇 

𝑇 𝑠𝑎𝑡 
(8) 

𝑐 𝑜𝑒𝑓𝑓 = 

6 
𝑑 
× 2 𝜎

2 − 𝜎
×
√ 

𝑀 

2 𝜋𝑅 𝑇 𝑠𝑎𝑡 

𝛼𝑙 𝜌𝑙 𝑟 

𝜌𝑙 − 𝜌𝑣 
(9) 

𝑆 h = 𝑚 × 𝑟 (10) 

where m is the mass transfer rate, which equals to S m 

in the Eq.(1), kg 

s − 1 ; coeff is the coefficient of mass transfer with phase change; 𝛼 is the 

volume fraction, and the subscripts l indicates the liquid; T sat is the sat- 

uration temperature, K; d is the droplet diameter of liquid, mm; 𝜎 is the 

condensation coefficient; M is the molecular mass; R is the thermody- 

namic parameters, which is 8.314 J (mol •K) − 1 ; r is the latent heat, kJ 

kg − 1 . 

The theoretical calculation of the coefficient of mass transfer with 

phase change in Lee’s equation is difficult, which involves calculating 

of the interfacial concentration of the complex flow pattern in two-phase 

flow. However, the mass transfer coefficient dramatically influences the 

accuracy of the simulation results, a larger coefficient produces higher 

accuracy of calculation, but the calculation of the energy equation di- 

verges more easily. Therefore, it is necessary to determine an appropri- 

ate mass transfer coefficient for the actual model to ensure the calcula- 

tion accuracy. 

Besides, the air saturation temperature ( T sat ) in Eq.(8) will change as 

the partial pressure of water vapor changes. Therefore, the evaporation- 

condensation model in CFD with fixed air saturation temperature does 

not apply to the actual condensation process. In this study, a UDF (User 

Defined Function) was written to calculate the air saturation tempera- 

ture of the flow process in real-time according to the following equa- 

tions, and the mass and energy source terms were loaded into the soft- 

ware. 

𝑇 𝑠𝑎𝑡 = − 35 . 96 − 1 . 87 × 𝐼𝑛 ( 𝑝 ℎ 2 𝑜 ) + 1 . 17 ×
[
𝐼𝑛 ( 𝑝 ℎ 2 𝑜 ) 

]2 
+ 273 . 15 (11) 

𝑝 ℎ 2 𝑜 = 𝑚 ℎ 2 𝑜 
× 𝜌𝑎𝑖𝑟 × 𝑇 𝑎𝑖𝑟 × 8 . 314∕0 . 018 (12) 

where p h2o is the partial pressure of water vapor, Pa, and the subscripts 

h 2 o indicates the water vapor. 

Meanwhile, the species transport model in software was chosen to 

simulate the heat and mass transfer between air mixture and water sur- 

face. The velocity-inlet and pressure-outlet were used as boundary con- 

ditions for the model, adopted a fixed temperature boundary for the 

water surface which vapor mass fraction equals to the saturated humid 

air mass fraction. Other walls of the model used a speed-free slip adia- 

batic boundary. A Coupled algorithm solved the pressure-velocity cou- 

pling, and all the energy, momentum, and composition equations were 

discretized using the two-order upwind scheme. 

3. Model verify and optimization design 

3.1. Grid independence 

The density of the grid will affect the numerical calculation results. 

In theory, the accuracy of calculation increase along with the density of 

the grid, but at the same time, the calculation amount and the error of 

floating point operation will increase. Therefore, to find a suitable value 

between calculation accuracy and computational cost, a careful check 

for grid independence analysis on the model should be conducted. 

Grid independence analysis of the models was carried out with the 

target of the outlet air temperature and moisture content under the same 

initial conditions and boundary conditions. The comparisons of the cal- 

culated results with five different numbers of grids are plotted in Fig. 3 . 

The mesh density is gradually increased from mesh 1 to mesh 5. Since 

there are many models in this paper, only six different models of them 

were listed below. The results showed that no significant difference in 

air temperature and moisture content when adopted mesh 3, mesh 4 

and mesh 5. Therefore, mesh 3 was selected for further investigation in 

the later sections due to its relatively high accuracy and low calculation 

cost. 

3.2. Accuracy of results 

In order to verify the reliability of the simulation model and the ac- 

curacy of the calculation results, the experimental and numerical studies 

were carried out, and the experimental device was shown in Fig. 4 . As 

shown in Fig. 4 , the signal input adopted EM231 module, which was 
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Fig. 3. Analysis of grid independence (a) tem- 

perature and (b) moisture content. 

Fig. 4. Sketch of the experimental device. 

used to collect temperature, relative humidity, and water temperature 

signals. The CPU controller adopted 224 XP module, which had three 

output signals to control of stirling cryocooler, steel strip heater and PTC 

heater respectively. Simultaneously, the Agilent data acquisition instru- 

ment was used to monitor and save the experimental data in real-time. 

(1- display case;2- sensor in display case;3- sensor outside display 

case;4- outlet; 5- computer;6- lower space of display case;7- platinum 

resistance thermometer;8- steel strip heater;9-water tank;10-water;11- 

stirling cryocooler;12-inlet;13-PTC heater) 

In the verification research, the temperature and moisture content in 

the outlet center of the water tank were calculated by simulation model 

and measured by experiment respectively, under the working conditions 

shown in Table 1 , which includes the inlet air velocity( v a,i ), inlet air tem- 

perature ( t a,i ), inlet air relative humidity ( 𝜑 a,i ) and water temperature 

( t s ). 

Fig. 5 presents a comparison between the experimental and simu- 

lation results. It can be seen that the simulated value of the outlet air 

temperature ( t a, o ) were all higher than the experimental values, and 

the relative differences were within + 15%, with an average deviation 

of 1.59 °C. The relative differences of the outlet air moisture content 

were within − 3% ~+ 5%, with an average deviation of 0.175 g/kg a . Ac- 

cording to the comparison, the simulation values agree well with the 

experimental values. The deviation may result from the simplification 

Table 1 

Experimental conditions. 

case v a,i /(m/s) t a,i / °C 𝜑 /% t s / °C 

1 2.5 15.7 60.87 6 

2 2.5 15.8 61.10 4 

3 2.5 18.22 53.44 4 

4 2.5 20.15 47.77 7 

5 2.5 18.89 52.24 4 

6 1.35 16.2 61.02 6 

7 1.35 19.49 51.49 7 

8 1.35 14.51 66.65 7 

9 1.35 14.25 73.22 7 

10 1.35 15.7 67.6 5 

of the numerical model and the error of the experimental measurement. 

Therefore, the established mathematical model can be adopted to ana- 

lyze heat and mass transfer between air and water in the water tank. 

3.3. Optimization design 

The uniform design method was first proposed by mathematicians 

of Wang Yuan and Fang Kaitai in 1978, a widely used experimental de- 

sign method of measurement uniformity. The basic idea of the method is 
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Fig. 5. Comparison of experimental with simulation val- 

ues (a) temperature and (b) moisture content. 

Table 2 

Uniform design of variable structure parameter. 

case Distance ( x 1 )/mm Angle ( x 2 )/° Height ( x 3 )/mm case Distance ( x 1 )/mm Angle ( x 2 )/° Height ( x 3 )/mm 

1 8 36 10 10 35 64 15 

2 11 56 19 11 38 84 5 

3 14 76 9 12 41 28 14 

4 17 20 18 13 44 48 4 

5 20 40 8 14 47 68 13 

6 23 60 17 15 50 88 3 

7 26 80 7 16 53 32 12 

8 29 24 16 17 56 52 2 

9 32 44 6 18 59 72 11 

arranging the test points at uniform distribution within the scope, which 

is suitable for the test with multi-factors and multi-levels, and can effec- 

tively reduce the cost of the experiment to improve the research effi- 

ciency [50 , 51] . This paper’s experiments were arranged based on uni- 

form design table U 18 
∗ (18 11 ), shown in Table 2 . According to the phys- 

ical model’s actual size, each variable factor was uniformly designed 

at 18 levels, and the 18 sets of combined structures were numerically 

calculated. 

In order to study the influence of the installation position( x 1 ), tilt 

angle( x 2 ), and height( x 3 ) of the deflector in the tank on the heat and 

mass transfer and air flow, take the heat transfers rate ( Q ), mass transfer 

rate ( m v ) and the air pressure drop ( ∆P ) as experimental targets in this 

work. 

4. Results and discussion 

The established mathematical model was utilized to investigate the 

heat and mass transfer and pressure drop performance of the air-water 

direct contact tank with different structures arranged by uniform de- 

sign, and the results of velocity and temperature field in the tank were 

analyzed. Moreover, regression evaluations of both heat and mass trans- 

fer and pressure drop were implemented by SPSS, and the influences 

of structural parameters of the deflector in the tank on performance 

were discussed. Additionally, a comprehensive evaluation index based 

on heat and mass transfer rate and pressure drop was proposed to opti- 

mize the structural parameters. 

4.1. Field analysis 

The influence of the deflector structure on the air flow distribution 

in the tank was studied, as the inlet air temperature, relative humidity, 

velocity, and water temperature were set at T a = 298.15 K, 𝜑 a = 60%, 

V = 0.5 m s − 1 , T w 

= 280.15 K. Fig. 6 illustrates the velocity, temperature 

and pressure profile of the flow on the vertical center plane of the tank 

with different deflector structures. 

The air velocity near the water surface in the tank with the deflector 

is higher than that without the deflector, which means more air contact- 

ing the water surface for heat transfer and decreasing overall air flow 

temperature in the tank. Hence, the heat transfer performance of the 

tank could be enhanced by the defector structure. Moreover, it is ob- 

served that the temperature field varies with different deflector struc- 

tures. This is because that the amount of air which exchanges heat with 

water surface increase as the distance of deflector to air inlet decrease 

and as the air passage height decrease, thereby decreasing the outlet 

air temperature, the more detailed influence of structural parameters of 

deflector on the heat transfer will be analyzed later. 

In addition, it can be seen from Fig. 6 (c) that the pressure distri- 

bution in the water tank without deflector is relatively uniform. With 

the addition of the deflector’s structure, the pressure drop at the inlet 

and outlet of the water tank increases, and the pressure distribution be- 

comes uneven. This is because the flow resistance inside the water tank 

increases after adding the baffle. Therefore, the baffle structure will af- 

fect the velocity field, temperature field, and pressure distribution inside 

the water tank, and the structure needs to be optimized to achieve better 

performance. 

4.2. Regression of results 

According to the simulation model and calculation method described 

above, the results of the heat and mass transfer rate and the pressure 

drop were obtained, wherein the heat and mass transfer rate was calcu- 

lated according to the formulas below. 

𝑄 = 𝑚 a , i 𝑐 𝑝 
(
𝑇 𝑎,𝑖 − 𝑇 𝑎,𝑜 

)
(13) 

𝑚 v = 𝑚 a , i 
𝑤 a , i − 𝑤 a , o 

1 − 𝑤 a , o 
(14) 

where m a,i is the mass flow rate of air, kg (m 

2 .s) − 1 ; c p is the specific heat 

capacity of the air, kJ (kg • °C) − 1 ; the subscripts a, i and a, o indicate 

the air inlet and outlet, respectively. 

Based on the calculation results, established regression models reveal 

the complex interrelationship between the variables and optimize the 
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Fig. 6. Flow distribution in tank (a) velocity and (b) temperature and (c) pressure. 

Fig. 7. Comparison of regression and simulation values (a) heat transfer rate and (b) mass transfer rate and (c) pressure drop. 

Table 3 

Regression statistic data. 

index F F a R a 

Q 56.826 3.135 0.988 

m v 234.404 3.135 0.997 

∆P 63.637 3.135 0.989 

structural parameters. The regression analysis for both heat and mass 

transfer rate and pressure drop against the structural parameters ( x 1 , 

x 2 , and x 3 ) of deflector were implemented by data processing software 

(SPSS), respectively, to investigate the influence of structural param- 

eters on the targets. The regression equations for the heat and mass 

transfer rate and pressure drop list as follows: 

𝑄 = 1 . 59 − 7 . 71 × 10 − 3 𝑥 1 + 1 . 51 × 10 − 4 𝑥 1 2 + 2 . 80 × 10 − 5 𝑥 2 2 

+ 2 . 44 × 10 − 3 𝑥 3 2 − 8 . 90 × 10 − 5 𝑥 1 𝑥 2 − 3 . 79 × 10 − 4 𝑥 1 𝑥 3 
+ 7 . 00 × 10 − 4 𝑥 2 𝑥 3 (15) 

𝑚 v = 8 . 82 × 10 − 7 − 5 . 79 × 10 − 10 𝑥 1 + 4 . 21 × 10 − 11 𝑥 1 2 + 7 . 31 × 10 − 12 𝑥 2 2 

+ 3 . 65 × 10 − 10 𝑥 3 2 − 5 . 05 × 10 − 11 𝑥 1 𝑥 2 − 1 . 38 × 10 − 10 𝑥 1 𝑥 3 
+ 3 . 54 × 10 − 10 𝑥 2 𝑥 3 (16) 

Δ𝑃 = 8 . 57 × 10 − 2 − 5 . 39 × 10 − 4 𝑥 1 + 6 . 50 × 10 − 5 𝑥 1 2 + 1 . 20 × 10 − 5 𝑥 2 2 

+ 4 . 20 × 10 − 4 𝑥 3 2 − 5 . 80 × 10 − 5 𝑥 1 𝑥 2 − 2 . 58 × 10 − 4 𝑥 1 𝑥 3 
+ 2 . 05 × 10 − 4 𝑥 2 𝑥 3 (17) 

The three equations above were obtained at a test level equal to 

0.05 based on the backward regression method, which eliminates factors 

that are not significant enough for indicators gradually. The evaluation 

indexes of regression results are shown in Table 3 . It can be observed 

that both the correlation coefficients R a are close to 1, which indicates 

the high fitness, and the statistic F are greater than the test threshold F a , 

which means that the three regression equations are all significant. 

To verify the reliability of the regression equations above, Fig. 7 de- 

picts the comparison of regression and simulation values of the 18 sets 

of experiments, it can be found that the relative differences of heat and 

mass transfer rate and pressure drop are within ± 7%, ± 3% and ± 15%, 

respectively, which are within the acceptable range. 

Besides, a separate set of numerical simulations ( x 1 = 40, x 2 = 45, 

x 3 = 15) different from the 18 structural groups above was performed, 

and the uncertainty of heat and mass transfer rate and pressure drop 

between simulation and regression prediction results were about 2.97, 

0.52 and 5.68 at% absolutely, which indicate that the regression equa- 

tions have certain reliability within the experimental range. 

The sensitivity analysis of deflector structure parameters was carried 

out using SPSS, to study the relative importance of each variable to 

heat, mass transfer rate, and pressure drop. The greater the absolute 

value of the standard regression coefficient, the greater the influence on 

results. Therefore, compared the standard regression coefficient of each 

variable in the regression Eqs. (14 - 16) to analyze the influence on 

heat, mass transfer rate, and pressure drop. As shown in Fig 8 , the term 

of h 2 produces the maximum effect on heat transfer rate Q, followed by 

𝜑 h, l 2 , l, l 𝜑 , lh, 𝜑 

2 , and the term of 𝜑 h has the most significant effect 

on mass transfer rate m v , followed by l 𝜑 , l 2 , h 2 , lh, 𝜑 

2 , l , and the term 

of l 𝜑 produces the maximum effect on pressure drop ∆P , followed by 

l 2 , 𝜑 h, lh, h 2 , 𝜑 

2 , l . From the above sensitivity analysis, we can found 

the influence of the fitting variables on the results. However, due to 

the interaction between the parameters, the individual effects of the 

structural parameters on heat and mass transfer and pressure drop were 

not obvious. Therefore, a sensitivity analysis of a single factor is still 

required next. 

4.3. Influence of structural parameter on Q and m v 

According to the regression Eqs. (15 –17), the heat and mass trans- 

fer rate have the same quadratic, not a simple linear relation with the 

structural parameters, which indicate an interaction between the vari- 

ous factors. To analyze the influence of various factors on the heat and 

mass transfer rate, respectively, the change of transfer rate with a single 

changed factor was observed when other factors were controlled con- 

stantly. Figs. 9 –10 describe the relationship between transfer rate and 
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Fig. 8. Diagram of sensitivity analysis (a) heat transfer rate and (b) mass transfer rate and (c) pressure drop. 

Fig. 9. The relation curves between Q and 

(a) x 1 at x 2 = 54, x 3 = 10.5; (b) x 2 at 

x 1 = 33.5, x 3 = 10.5; (c) x 3 at x 1 = 33.5, 

x 2 = 54. 

Fig. 10. The relation curves between m v and (a) x 1 at x 2 = 54, x 3 = 10.5; (b) x 2 at x 1 = 33.5, x 3 = 10.5; (c) x 3 at x 1 = 33.5, x 2 = 54. 

the installation position ( x 1 ), tilt angle ( x 2 ), and air passage height ( x 3 ) 

of the deflector, respectively. 

It can be observed from Figs. 9 - 10 . (a) that the heat and mass transfer 

rate decreases with increasing distance from the air inlet for a specific 

angle and height of the deflector. The reason is that the air near the inlet 

flows to the water surface easily under the deflection effect when the de- 

flector closer to the air inlet. This means the effective water surface area 

for heat and mass transfer with air increases, resulting in an increase 

of the heat and mass transfer rate. Figs. 9 –10 . (b) demonstrates that 

the heat and mass transfer rate are approximately linearly proportional 

to the case’s angle with unchanged installation position and height of 

the deflector. The increase of the angle increases the effective area of 

heat and mass transfer between air and water surface, which produces a 

greater transfer rate. Figs. 9 –10 . (c) describe that when the position and 

angle are determined, a larger deflector height or a smaller air passage 

height brings more air flow through the water surface to exchange heat 

and mass which along with a larger transfer rate. 

4.4. Influence of structural parameter on ∆P 

In the tank’s structural optimization, it is necessary to consider the 

air flow resistance to provide suitable flow power. In order to investigate 

the influence of the structural parameters of the deflector on the air flow 

resistance, we took pressure drop between the inlet and outlet as the 

research target and analyzed the regression results shown in Fig. 11 . 

As can be seen from Fig. 11 . (a), when the angle and height of the 

deflector are determined, the pressure drop decreases initially and in- 

creases with the increasing distance from the air inlet, and the turning 

point is about 50 mm. This is because the air flow resistance near the 

inlet decrease as the distance of the deflector to the inlet increases, but 

the flow resistance at the outlet will increase along with the deflector 

position is gradually close to the air outlet. Fig. 11 . (b) shows that when 

the position and height of the deflector are fixed, the pressure drop is 

positively correlated with the angle. A more inclined deflector brings a 

greater deflection effect on the air and a greater pressure drop. Fig. 11 . 

(c) demonstrates that the air flow resistance and the pressure drop in- 

crease along with the height of the deflector for a specific position and 

angle of the deflector. 

4.5. Comprehensive evaluation index( Y ) 

The genetic algorithm regards each individual in the population 

as a feasible solution to an optimization problem, which finds the 

optimal solution to the problem by simulating the evolutionary pro- 

cess of crossover and mutation among the populations. Firstly, the al- 

gorithm encodes the solution of the optimization problem, generate 
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Fig. 11. The relation curves between ∆P (a) x 1 at x 2 = 54, x 3 = 10.5; (b) x 2 at x 1 = 33.5, x 3 = 10.5; (c) x 3 at x 1 = 33.5, x 2 = 54. 

Table 4 

Optimization results under different weight values. 

case 𝛽 𝜂 k x 1 /mm x 2 /° x 3 /mm Q /W m v × 10ˆ6/ kg s − 1 ∆P /Pa 

1 0 0 1 47 87 2 1.51 0.85 0.07 

2 1 0 0 8 88 19 3.69 1.60 0.59 

3 0 1 0 8 88 19 3.69 1.60 0.59 

4 0.3 0.3 0.4 59 88 19 3.04 1.36 0.28 

chromosomes according to the set population size. Then the fitness 

function is determined by the objective function of the optimization 

problem, to select the chromosome for crossover and mutation. Finally, 

the optimization process is decided whether to terminate, according to 

the set evolutionary convergence judgment or termination conditions 

[52] . 

Compared with traditional optimization algorithms, genetic algo- 

rithm has the advantages of no requirement on the mathematical form of 

optimization problems and high computational efficiency. It is currently 

widely used in solving optimization problems [53,54] . Based on the ge- 

netic algorithm by MATLAB, if we take only the heat or mass transfer 

rate as the structural optimization goal, it can be concluded that the op- 

timal structure is x 1 = 8 mm, x 2 = 88 °, and x 3 = 19 mm which could 

obtain the maximum heat or mass transfer rate. However, if the pressure 

drop is taken as the single structural optimization target, the minimum 

pressure drop would be obtained when x 1 = 47 mm, x 2 = 87 °, and 

x 3 = 2 mm. 

The optimal combinations are inconsistent when they take the heat 

and mass transfer rate or pressure drop as a single target. A comprehen- 

sive evaluation index was proposed for the tank’s comprehensive per- 

formance evaluation to study the comprehensive influence of structural 

parameters of the deflector on heat and mass transfer and flow. The nor- 

malized heat and mass transfer rate and pressure drop are calculated as 

follows. 

𝐴 = 

𝑄 − 𝑄 min 
𝑄 max − 𝑄 min 

(18) 

𝐵 = 

𝑚 v − 𝑚 v , min 

𝑚 v , max − 𝑚 v , min 
(19) 

𝐶 = 

Δ𝑃 max − Δ𝑃 
Δ𝑃 max − Δ𝑃 min 

(20) 

Where A is the normalized result of the heat transfer rate; Q ,max and 

Q ,min are the maximum and minimum values of heat transfer rate pre- 

dicted by Eq. (15) , W; B is the normalized result of the mass transfer 

rate; m v,max and m v,min are the maximum and minimum values of mass 

transfer rate predicted by Eq. (16) , kg s − 1 ; C is the normalized result of 

pressure drop; ∆P max and ∆P min are the maximum and minimum pres- 

sure drop predicted by Eq. (17) , Pa. 

According to the three objectives, the comprehensive evaluation in- 

dex Y is given. The index is determined according to the following 

formula: 

𝑌 = 𝛽𝐴 + 𝜂𝐵 + 𝑘𝐶 (21) 

In Eq. (21) , 𝛽, 𝜂 and k are the weights of the targets A, B and C, respec- 

tively. The weight values can be given according to actual needs. This 

paper pays more attention to the influence of structural parameters on 

heat and mass transfer, give values of 𝛽, 𝜂 and k at 0.3, 0.3, and 0.4, re- 

spectively. Therefore, the increase of index increases the heat and mass 

transfer efficiency, the decrease of the flow pressure drop, and the in- 

crease of equipment’s overall performance. According to the numerical 

simulation results and related formula calculations, the comprehensive 

evaluation index Y was analyzed and fitted, the Eq. (22) was obtained 

as follows: 

𝑌 = 4 . 23 × 10 − 1 − 8 . 50 × 10 − 4 𝑥 1 − 1 . 30 × 10 − 5 𝑥 1 2 − 3 . 00 × 10 − 6 𝑥 2 2 

+ 1 . 49 × 10 − 4 𝑥 3 2 + 1 . 30 × 10 − 5 𝑥 1 𝑥 2 + 9 . 30 × 10 − 5 𝑥 1 𝑥 3 
+ 7 . 60 × 10 − 5 𝑥 2 𝑥 3 (22) 

According to the Eq. (22) , the largest comprehensive evaluation in- 

dex can be calculated when x 1 = 59 mm, x 2 = 88 ° and x 3 = 19 mm. 

Also, the above combination’s comprehensive evaluation index is in- 

creased by 10.1% compared with the optimized combination targeted 

for heat and mass transfer rate and is increased by 61.2% compared with 

the optimized combination targeted for pressure drop. 

In practical applications, the emphasis on heat and mass transfer and 

pressure drop may be different. Table 4 summarizes the optimal com- 

binations of deflector structure corresponding to several limit weights 

for the comprehensive evaluation indexes. It can be seen that when all 

weights are assigned to the pressure drop (i.e. the first row of the ta- 

ble), the smallest pressure drop can be obtained, but the smallest heat 

and mass transfer rate can be obtained at the same time. When all the 

weights are allocated to heat or mass transfer (i.e. middle rows of the 

table), the greatest heat or mass transfer rate can be obtained, but also, 

the greatest resistance is caused. Therefore, the weights are different, 

and the optimized structure obtained is also different. It is necessary to 

give a suitable weight value according to the actual demand to obtain 

the optimal result. 

5. Conclusion 

In this paper, a mathematical model of air-water direct contact in 

a tank was built and validated to investigate the influence of deflector 

198 



N. Wang, M. Yu, X. Zhang et al. Energy and Built Environment 3 (2022) 190–200 

structure on heat and mass transfer and pressure drop. The simulation 

tests were arranged into 18 groups by uniform design method to guar- 

antee the comprehensiveness and simplicity of experiments. The simu- 

lated results were regression analyzed, and the deflector structure was 

optimized based on multiple indexes. From the results, the following 

conclusions can be drawn: 

• The mathematical model established for the air-water direct contact 

tank with appropriate evaporation and condensation model was val- 

idated, the simulated results agree well with the experimental data, 

and the relative differences were within + 15% and − 3% ~ + 5%, re- 

spectively. Therefore, the model can be chosen to predict the tank’s 

heat and mass transfer and pressure drop performance. 
• The heat transfer performance in the air-water direct contact tank 

can be enhanced by adding a deflector structure, and the degree 

of improvement in heat transfer efficiency depends on the different 

structures of the deflector. 
• According to the regression models built by SPSS, the results have 

shown that the relative differences of heat and mass transfer rate 

and pressure drop between the calculation and simulation values are 

within ± 7%, ± 3%, and ± 15%. Furthermore, both the heat transfer 

rate ( Q ), mass transfer rate ( m v ) and pressure drop ( ∆P ) nonlinearly 

increase as the distance of deflector to air inlet ( x 1 ) decrease, as the 

tilt angle( x 2 ) of deflector increase and as the height( x 3 ) of deflector 

increase. 
• The optimal structural parameters of the deflector in air-water di- 

rect contact tank is 8 mm of installation position( x 1 ), 88 ° of tilt 

angle( x 2 ), and 19 mm of height( x 3 ), which obtained based on the 

proposed comprehensive evaluation index( Y ), respectively. More- 

over, the comprehensive performance was enhanced by 61.2% and 

10.1% compared to the structure optimization target for heat and 

mass transfer rate and pressure drop, respectively. 
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a b s t r a c t 

The triple-junction solar cell is designed to exploit a wide range of the solar spectrum photons. These triple-layers 

consisting of GaInP/GaInAs/Ge, it is monolithically stacked, leading to high conversion efficiency. To describe 

and understand it’s operating behaviour, this paper presents a performance analysis of a triple-junction solar cell, 

based on estimation modelling. A model was developed to determine the performance characteristic of the solar 

cell. Hence, the J-V curve is characterising the performance of solar cells, which used to optimise and improve the 

design of the cells. It has been discussed the effects of thermal load related to cell temperature increases on the 

cell’s operating performance parameters. Cell temperature increases from 25 to 125 °C have resulted variances, 

which causes a significant decrease in efficiency to approximately − 17%, open circuit voltage by − 15% and fill 

factor by − 4.5%. On the other hand, the current density slightly increased by + 5.5%. Finally, ought to consider the 

thermal management while designing and developing solar CPV technology; therefore, it’s significant to improve 

cell efficiency and to maintain cell integrity from thermal damage. 

1. Introduction 

In the technology of CPV, the triple-junction solar cells III-V semi- 

conductor materials, with different band gaps are commonly used. These 

are stacked on top of each other to reduce thermalisation losses and to 

increase the conversion efficiency [1 , 2] . The cell’s layers are composed 

of GaInP/GaInAs/Ge, connected in series to attain a high electrical con- 

version efficiency [3 , 4] . The high-efficiency solar cell depends on optical 

concentration to achieve high conversion efficiency. Consequently, the 

resultant heat flux will be produced and cause a high device temperature 

[5 , 6] . 

As a consequence of CPV, the solar flux heats the top surface of the 

solar cells; thus, the accumulation of thermal load leads to increases 

in the device’s temperature. In turn, this leads to a reduction in cell 

conversion efficiency. This can also have a negative effect on the long- 

term operation, which may, in turn, result in a mechanical failure [7 , 8] . 

Furthermore, the temperature rise causes a decrease in cell conversion 

efficiency, and as each layer of a multi-junction cell is connected in 

series, this results in a major impact on the maximum potential power, 

and open circuit’s voltage [9] . Thermal management is recommended 

to maximise the electrical energy generated and to improve the transfer 

of thermal energy. This will reduce the high thermal capacitance of the 

cells, which will keep the cell temperature as low as possible [10 , 11] . 

∗ Corresponding author. 

E-mail address: maca_4212@yahoo.co.uk (Ali.O.M. Maka). 

In CPV systems, it is important to predict the solar cell’s tempera- 

ture, for use in performance analysis and characterisation. Therefore, to 

maintain a high level of performance efficiency, the related heat ought 

to be effectively dissipated from the cell to the environment, by con- 

sidering appropriate thermal management [12 , 13] . For CPV systems, 

thermal management is another critical factor, as temperature directly 

affects the performance of solar cells. The challenge is that the most cost- 

effective and efficient way to extract excess heat from the cells [14 , 15] . 

There are many different mechanisms reported in the literature of ther- 

mal management in a CPV technology; which comprise of a heat sink, 

heat spreader, liquid immersion, micro-channel and jet impingement, to 

name but a few [14-16] . 

Nisgioka et al. [17] presented an experimental measurement study 

involving single-junction solar cells, that incorporate (GaInp, GaAs, Ge), 

and a range of temperatures from 30 to 240 °C, with concentration ra- 

tios of 1,7 and 14 suns. It was concluded that the open-circuit voltage 

( V oc ) of a Ge subcell cell decreased to almost zero volts at temperatures 

over 120 °C and under CR = 1x. Bagienski et al. [18] . have performed an 

investigation of two different layers of top and middle subcell solar cells 

for concentrations ranging from 1 to 900 suns, and a temperature range 

from 20 to 60 °C, which gives the corresponding temperature coeffi- 

cients of the open circuits voltage. Helmars et al. [19] . performed mea- 

surements of temperature-dependence at several irradiances: the study 

was on the top, middle and bottom subcells (GaInP, GaInaAs, Ge) triple- 

junction component. The study analysed the J-V curves under various 
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Nomenclature 

CR Concentration Ratio (x) 

c Speed of light (m/s) 

DNI Direct Normal Irradiance ( W/m 

2 ) 

E g Energy band gap (eV) 

h Planck constant (j.s) 

J sc Shot circuts current density (mA/cm 

2 ) 

n Diode ideally factor (-) 

P Power (mW/cm 

2 ) 

q Electron charge (c) 

SR Spectrum Response (A/W) 

T c Cell temperature (°C) 

T o Temperature at standard condition (°C) 

V oc Open circuits voltage (V) 

Greek letters 

𝛼 Materials constant (eV/K) 

𝛽 Materials constant (K) 

ɳ Efficiency 

𝜆 Wavelength (nm) 

Abbreviations 

AM Air Mass 

CPV Concentrating Photovoltaic 

GaInP Gallium Indium Phosphide 

GaInAs Gallium Indium Arsenide 

Ge Germanium 

FF Fill Factor 

EQE External Quantum Efficiency 

irradiances, with a concentration ratio of 3000x, and a temperatures 

range from 5 to 170 °C. Sewing et al. [20] . concluded a study of the 

temperature-dependence on parameters of the open circuit voltage and 

efficiency of a high-efficiency photovoltaic solar cell under one Sun. 

The outcome of this study shows the relationship between temperature 

sensitivity to efficiency is high for the open circuit voltage, although the 

output power was less influenced by temperature variations. 

Nishioka et al. [21] . presented investigation of temperature charac- 

terisations on the triple-junction solar cell. For the triple-junction (In- 

GaP/InGaAs/Ge) solar cell, it has been extracted temperature exponents 

of the saturation current density ( J o ). So, with the extracted temperature 

exponents, the triple-junction solar cell temperature characteristics were 

investigated by an equivalent circuit model for the triple-junction so- 

lar cell. A temperature investigation by preform of Simulation Program 

with Integrated Circuit Emphasis (SPICE) was also developed. Sakurada 

et al. [22] preformed predicted and measured J-V characteristics of the 

triple-junction solar cell at variable temperatures under concentrated 

light conditions. Also, were analysed in detail the temperature effects on 

(InGaP/InGaAs/Ge), triple-junction solar cell. Min et al. [23] preformed 

experiment study to investigate the (GaInP/GaAs/Ge) solar cells and 

which were assembled via a metal-organic chemical vapour deposition 

method. The performance behaviour of the solar cell’s characteristics 

on temperature from 30 to 170 °C was also investigated, and intervals 

at 20 °C. Results showed that the cell’s J sc and J m 

increased slightly 

with increasing temperature. Abderrezek et al. [24] studied the impact 

of temperature on the performances behaviour of (GaInP/GaAs) solar 

cell. The simulation program was utilised that so-called SCAPS-1D one- 

dimensional solar simulator. At a variable temperature, ranging from 25 

to 80 °C, the temperature dependence of the characteristics of the solar 

cell was investigated. The results of the simulation indicate that voltage 

losses within the tandem cell are collective of the top and bottom layer. 

Whereas, the short circuit current density J sc depends on temperature 

and the decreases in efficiency. 

In this study, we predict the impact of cell temperature increases 

on cell performance parameters such as fill factor, open circuit voltage, 

short circuit density and cell efficiency. Therefore, the significance of 

a current study being investigating is the implication of thermal load 

on high-efficiency solar cells and the importance of the understanding 

of thermal management needs. The modelling gives a more detailed 

analysis to help our understanding of the operating behaviour of the 

solar cell, which will lead to enhanced performance and design. Fur- 

thermore, this study presents and assesses the effects of temperature 

on five performance parameters of a triple-junction solar cell under 

a light concentration ratio of 1x. The sensitivity analysis is also per- 

formed on the performance parameters of short current density ( J sc ), 

the open circuit voltage ( V oc ); also fill factor (FF), maximum power 

( P max ) and cell efficiency ( 𝜂). This paper structured as follows: Section 

2 presents the model description. Section 3 presents the results and dis- 

cussions which included temperature-dependence on the energy band 

gap, temperature-dependence on J-V curves parameters. Also, presents 

a temperature-dependant on EQE, temperature-dependant on power, 

temperature dependence on fill factors (FF) of a triple-junction cell; 

temperature-dependence of triple-junction cell efficiency and sensitivity 

analysis. Section 4 presents a summary of the paper conclusions. 

2. Model description 

Based on the developed electrical model of (GaInP/GaInAs/Ge) so- 

lar cells, which is presented by Maka and Donovan in reference [13] . A 

monolithically stacked three-layers or subcells were created in MATLAB. 

The performance of the solar cell was characterised by J-V curves. Fur- 

ther to that developed model in this paper, the three layers of subcells 

of a triple-junction cell are GaInP/GaInAs/Ge. The temperature varia- 

tion from 25 to 125 °C will be considered in this study. Also, the effects 

of cell temperature on five performance parameters of a triple-junction 

solar cell under a light concentration ratio of 1x. Accordingly, the J- 

V and P-V curves will be used to characterise performance under the 

aforementioned operating conditions. 

The triple-junction solar cell is designed to employ the whole so- 

lar spectrum; these three-layer monolithic cascade stacks in top of each 

other. It consisting of GaInP/GaInAs/Ge, which results in high conver- 

sion efficiency. The optimal energy band gaps of the three-junctions are 

1.8 eV, 1.4 eV and 0.7 eV respectively. The main electrical performance 

parameters can be predicted by using the follows Eqs. (1 - 5 ) [13 , 25] : 

𝐽 𝑠𝑐 ,𝑖 = 𝐶𝑅 

𝜆2 

∫
𝜆1 

𝑆 𝑅 𝑖 ( 𝜆) . 𝜂𝑜𝑝𝑡 ( 𝜆) . 𝐺 ( 𝜆) .𝑑𝜆 (1) 

𝐽 𝑖 = 𝐽 𝑜,𝑖 

( 

exp 
𝑞( 𝑉 + 𝐽 𝑖 . 𝑅 𝑠 ) 

𝑛. 𝐾 𝑏 . 𝑇 𝑐 
− 1 

) 

− 𝐽 𝑠𝑐,𝑖 (2) 

𝑉 𝑜𝑐 ,𝑖 = 

𝑛. 𝐾 𝑏 . 𝑇 𝑐 

𝑞 
ln 
( 

𝐽 𝑠𝑐 ,𝑖 

𝐽 0 ,𝑖 
+ 1 

) 

(3) 

𝐹 𝐹 = 

𝑃 max 
𝑉 𝑜𝑐 . 𝐽 𝑠𝑐 

= 

𝐽 max . 𝑉 max 
𝑉 𝑜𝑐 . 𝐽 𝑠𝑐 

(4) 

𝜂𝑒𝑙 = 

𝑃 max 
𝑃 𝑖𝑛 

= 

𝐽 𝑠𝑐 𝑉 𝑜𝑐 𝐹 𝐹 

𝑝 𝑖𝑛 
(5) 

Fig. 1 (a) illustrates the configuration of the three-layer cells from 

top to bottom. Fig. 1 (b) explain the solar spectrum absorption distri- 

bution of triple-junction solar cells. The GaInP top layer cell absorbs 

the amount of solar spectrum portion that contains the ultraviolet and 

visible wavelength. With energy band gap E g = 1.8 eV, it responds to 

about 300–700 nm wavelength. The GaInAs middle layer cell absorbs 

the infrared spectrum. With energy band gap E g = 1.4 eV, it responds to 

approxmitalty 700–900 nm wavelength. The Ge bottom layer cell ab- 

sorbs lower energies photon in the infrared solar spectrum, with energy 

band gap E g = 0.7 eV, it responds to about 900–1800 nm. 

The band gap energy of semiconductor materials tends to shrink with 

temperature increases. To predict the influence of cell temperature rises 

in the energy band gap, a model is created in MATLAB and applied 

in the Varshni equation. Therefore, this model is part interconnected 

to the electrical model in reference [25] . The temperature dependence 

of semiconductor energy band gaps is given by the Varshni empirical 

relation [27] . 

𝐸 𝑔,𝑖 ( 𝑇 ) = 𝐸 𝑔,𝑖 (0) − 

𝛼𝑖 . 𝑇 𝑐 
2 

𝑇 𝑐 + 𝛽𝑖 
(6) 
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Fig. 1. (a) Triple-layer solar cell configuration, 

(b) Wavelength light versus spectral irradiance 

over the Air Mass AM1.5 solar spectrum, for 

triple-junction solar cell top layer GaInP 1.8 eV, 

the middle layer GaInAs 1.4 eV, the bottom 

layer Ge 0.7 eV [26] . 

Table 1 

Energy band gap parameters and material con- 

stant for III-V cell semiconductors [27 , 28] . 

Subcell 𝛼(eV/K) 𝛽(k) E g @ 0 K (eV) 

1 4.72 × 10 a 269 1.8 

2 5.39 × 10 b 204.7 1.4 

3 4.77 × 10 c 235 0.7 

a 10 -4 

b 10 -4 

c 10 -4 

Where E g (0) is a band gap at 0 K, the index i represents a subcell of each 

layer, T c is the cell temperature, and 𝛼 and 𝛽 are material constants. 

Three subcells of triple-junction cell material parameters are listed in 

Table 1 . 

The reverse saturation current is also affected by the energy band 

gap decreases, which results in a decrease in the open circuit’s voltage 

at a given temperature. Although, as cell temperature decreases, the en- 

ergy band gap tends to increase, the open voltage as well will increase, 

which enhances the efficiency. The amount of current produced in each 

cell depends on an incident spectrum, for which there is a set selection 

for optimal energy band gaps. The change in energy band gap with tem- 

perature is given by Eq. (7) [29 , 30] : 

𝜕 𝐸 𝑔 

𝜕𝑇 
= 

2 𝛼𝑇 
𝑇 + 𝛽

+ 

𝛼𝑇 2 

( 𝑇 + 𝛽) 2 
(7) 

3. Results and discussions 

3.1. Temperature ‐dependence on the energy band gap 

The band gap of a semiconductor is “the minimum energy required 

to excite an electron that is stuck in its bound state into a free state where 

it can participate in conduction ” [31] . The sensitivity to temperature of 

the solar cell performance is initially influenced by the difference of the 

band gap layers dependence on temperature. The majority of semicon- 

ductor material’s band gap decreases as temperature increases [14 , 23] . 

In a semiconductor material’s energy, the band gap is determined by the 

wavelength of light. 

Temperature variations with a band gap in each layer are quantified 

by how much energy is captured from the Sun in a cell’s conduction 

band, and also by the amount of energy generated [14 , 31] . Therefore, 

as temperature increases, the band gap linearly decreases as more so- 

lar spectrum photon components are absorbed. Subsequently, a slight 

increase in short circuit current affects the efficiency of the cell. 

Fig. 2. (a) Top cell temperature rises versus the energy band gap of the (GaInP) 

top layer, (b) energy band gap versus current density of the top cell. 

Varshni [27] believed the reasons behind the variation of the energy 

band gap with temperature arises from two mechanisms: “First the shifts 

in the relative position of conduction and valence bands because of the 

temperature-dependant dilatation of the lattice. The second major con- 

tribution comes from shifts in the relative position of the conduction 

and valence bands owing to temperature-dependant electron-lattice in- 

teraction ” [27] . 

For the top cell at 25 °C, the energy band gap will be about 1.728 eV. 

Once a cell operating temperature increases to 125 °C, the energy band 

gap will decrease to 1.68 eV. It is inversely proportional to temperature 

rises and band gap as shown in Fig. 2 (a); shrinkage of energy band gap 

results in a slight increase in short circuit current density J sc , as shown 

in Fig. 2 (b). 
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Fig. 3. (a) Cell temperature versus the energy band gap of (GaInAs) middle cell, 

(b) energy band gap versus current density of middle subcell. 

Therefore, mainly, this behaviour can be described via the high en- 

ergy band gap material’s, which can only capture the high energy pho- 

tons in the solar spectrum, whereas providing a small number of excited 

charge carriers. Later, higher in the thermalisation and potential energy 

per charge carrier. On the other hand, a low energy band gap mate- 

rial’s can capture most photons in the solar spectrum, which gives a 

large number of excited charge carriers. Nonetheless, the potential en- 

ergy per charge carrier is low. Consequently, here the materials energy 

band gap must be optimised for a given solar spectral distribution energy 

[32] . 

Similarly, for the middle cell, it’s performance changes when op- 

erating temperature increases from 25 through to 125 °C. This results 

in a lowering in the band gap, from 1.4 eV to 1.35 eV, as detailed in 

Fig. 3 (a). As the energy band gap decreases, the current density gradu- 

ally increases, as shown in Fig. 3 (b). 

The bottom cell is also affected by energy band gap decrease: it drops 

from 0.67 eV to 0.63 eV as a function of cell temperature increase from 

25 to 125 °C, as illustrated in Fig. 4 (a). Besides, the energy band gap 

shrinkage in the bottom cell results in a small increase in the current 

density, as illustrated in Fig. 4 (b). 

For semiconductors, the energy band gap decreases with an increase 

in the temperature due to thermal expansion of the lattice. An increase 

in interatomic spacing decreases the potential of the electron, and conse- 

quently, the energy band gap decreases [33] . While, at constant illumi- 

nation, the photo-generated current in a cell will change with tempera- 

ture because of the temperature dependence of the energy band gap. The 

thermalisation of hot carriers in a multi-junction solar cell is reduced 

by the usage of high band gap materials for the p-n junction. There- 

fore, at the same time, transmission losses of low-energy photons are 

reduced by using low energy band gap materials for bottom p-n junction 

[33 , 34] . 

Fig. 4. (a) Cell temperature versus energy band gap of (Ge) bottom subcell, (b) 

energy band gap versus current density of the bottom subcell. 

3.2. Temperature ‐dependence on J ‐V curves parameters 

This is based on the J-V curves, which have been presented in ref- 

erence [25] , for condition T c = 25 °C. In this paper, the effects of vari- 

able temperature are considered. The physical perspective of the energy 

band gap in the solar cell is inversely proportional to cell temperature. 

The higher temperatures lead to lattice expansion and attenuation of 

interatomic bonds. Consequently, higher cell temperatures result in a 

shrinking of the energy band gap, which means more photons are ab- 

sorped, which in turn, leads to free charge carriers being produced. Sub- 

sequently, the energy photonic needed to liberate a free charge carrier 

is now lowered [35] . That interpreted as a greater flow of electrons (i.e., 

more current is generated) with low energies (i.e., a drop-in voltage). 

Therefore, this leads to decreases in voltage. On the other hand, how- 

ever, the rise in current leads to a reduction in maximum power, fill 

factor, as well as the conversion efficiency [35 , 36] . 

Cell temperature rises are a matter to be optimised when designing 

solar cells [29] . The operating temperature of the PV solar cell is quan- 

tified by an energy balance. Solar cells absorb solar energy, which is 

partly converted into electrical energy and partly into thermal energy, 

causing a rise in the operating temperature of the cell. The electrical 

energy gained from the cell can be exploited in the external circuit. 

Eq. (8) [37 , 38] , which is used in order to predict the current density as 

a function of temperature rise. 

𝐽 𝑠𝑐 ( 𝑇 ) ,𝑖 = 𝐽 𝑠𝑐( 𝜆) 
[
1 + 𝛽𝐽𝑠𝑐,𝑖 ( 𝑇 𝑐 − 𝑇 𝑜 ) 

]
(8) 

Where T o is the reference temperature at 25 °C, T c is the cell operating 

temperature and 𝛽Jsc is the temperature coefficient of the short circuit 

current. In a multi-junction solar cell, the temperature coefficient varies 

between 0.005 and 1.63 mA/°C 

− 1 [39] . The value of short circuit current 

density ( J sc ) slightly increases with an increase of temperature, as a re- 

sult of the increase in the base’s diffusion length, and a reduction of the 
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Table 2 

Temperature coefficient of J sc and V oc of sin- 

gle cells [17 , 28 , 41] . 

Subcell J sc ( 𝜕 J sc / 𝜕 T) V oc ( 𝜕 V oc / 𝜕 T) 

Top cell 0.07%/K − 0.21%/K 

Meddle cell 0.04%/K − 0.26%/K 

Bottom cell 0.03%/K − 1.22%/K 

energy in the absorption band edge [9 , 40] . Table 2 lists the temperature 

coefficient of J sc and V oc of every single subcell. It’s important here to 

be mention that thermal coefficients of different materials are different 

and also have an effect on the overall performance of a solar cell at a 

different temperature. 

The values of ( J sc ) have determined the subcell current limitation of 

the multijunction solar cell. Hence, the whole dependency of the multi- 

junction solar cell J sc on temperature is determined by the dominant 

subcell layer at each temperature [14] . 

Open circuit voltage is also affected by temperature increases that 

significantly decrease the V oc values; the temperature dependence of the 

V oc is expressed by Eq. (9) [37 , 38] . Where V oc 
∗ is the open circuit voltage 

at the reference condition; 𝛽Voc is the open circuit voltage temperature 

coefficient. 

𝑉 𝑜𝑐 ( 𝑇 ) ,𝑖 = 𝑉 ∗ 
𝑜𝑐,𝑖 

[
1 + 𝛽𝑉 𝑜𝑐,𝑖 ( 𝑇 𝑐 − 𝑇 𝑜 ) 

]
(9) 

Fig. 5 (a) shows the relationship of J-V curves of the top subcell 

(GaInP), as depicted above. As the cell temperature increases, the re- 

sult is a significant decrease in the open circuit voltage. As illustrated, 

the current density slightly increases as the temperature rises from 25 

to 125 °C, and cell temperature increases the current density from 12.6 

to 13.3 mA/cm 

2 . Besides this, the open circuit voltage V oc drops from 

1.31 to 1.09 V. 

Generally, the open circuit voltage ( V oc ) of the solar cell increases 

with an illumination increase and decreases with a temperature in- 

crease. Hence, the derivative of the open circuit voltage ( V oc ) for triple- 

junction solar cells is the sum of all subcell’s derivatives. The values of 

V oc rely on the J sc in which changes with temperature. The V oc deriva- 

tive with temperature is given by (10) [9 , 14] . 

𝜕 𝑉 𝑜𝑣 

𝜕𝑇 
= 

𝑉 𝑜𝑐 

𝑇 
+ 

𝑛𝑘𝑇 

𝑞 

( 

1 
𝐽 𝑠𝑐 

𝜕 𝐽 𝑠𝑐 

𝜕𝑇 
− 

1 
𝐽 𝑜 

𝜕 𝐽 𝑜 

𝜕𝑇 

) 

(10) 

Fig. 5 (b) shows the relationship J-V of the middle subcell (GaInP). 

As the cell temperature increases, the result is a significant decrease in 

the open circuit voltage. Additionally, as illustrated, the current density 

slightly increases as the temperature increases from 25 to 125 °C. The 

increase in cell temperature increases the current density variable, from 

13.5 to14.3 mA/cm 

2 . Also, the open circuit voltage V oc drops from 1.01 

to 0.81 V. 

Fig. 5 (c) shows the relationship J-V of the bottom subcell (Ge). 

As cell temperature increases, this results in a significant decrease in 

the open circuit voltage. On the other hand, as illustrated, the current 

density slightly increases as temperature increases from 25 to 125 °C. 

Cell temperature increases raise the current density variable from 23 to 

24.5 mA/cm 

2 . Besides, the open circuit voltage V oc drops from 0.31 to 

0.02 V. It is worthy to note that the bottom subcell (Ge) is the thicker 

one layer, it absorbs lower energies photon and a wide range of the solar 

spectrum portions. 

Nishioka et al. [17] . performed experiments to determine the effects 

of high temperature on the behaviour of the bottom subcell (Ge): it is de- 

duced that V oc decreases tends to zero where the temperature exceeds 

120 °C under CR = 1x. Helmers et al. [19] performed an experimental 

test to assess the influence of temperature on the performance of the 

multi-junction solar cells, and the behaviour of the (Ge) subcell when 

exposed to temperatures over 100 °C. It was observed that the V oc pa- 

rameter decreased close to zero, which leads to a collapse in the J-V 

curves shape. Therefore, both experiments have similar behaviours, as 

Fig. 5. (a) J-V curves of the top subcell GaInP as a function of temperature in- 

crease, (b) J-V curves of the middle subcell GaInAs as a function of temperature 

increase, (c) J-V curves of the bottom subcell Ge as temperature increase. 

noted by Nishioka et al. [17] and Helmers et al. [19] . Based on that, 

the modelling results are shown in Fig. 5 (c) agreed with performance 

behaviour that has been observed in experimentally similar work done 

published previously. 

Fig. 6 shows the J-V curves of a triple-junction cell: the current 

density slightly increases as temperature rises from 25 to 125 °C. 

Cell temperature increases the current density variable from 12.6 

to13.35 mA/cm 

2 . The overall current of the three-layers is given by the 

lower current density due to the series connection, and the overall volt- 

age is the sum of three layers. Additionally, the open circuit voltage V oc 

drops from 2.6 to 2.2 V, due to the series connection of multijunction 

solar subcells being more sensitive to changes in the incident solar spec- 

trum than a single cell. However, that results in a condition of "current 

mismatch" which leads to a decrease in current density. It is worthy to 

note that for using the multi-junction cells in a CPV device to electricity 

generation, hence, it does not absorb any of diffuse solar radiation, and 

it is dependant on the DNI of sunlight components. 

Hence, the effect of temperature on III-V multi-junction solar cells 

performance parameters relies on the incident solar spectrum [42] . Be- 
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Fig. 6. J-V curve of a tandem cell in a triple-junction cell as a function of tem- 

perature increase, also, current density increases due to a temperature rise. 

Fig. 7. Temperature dependence on the open circuit voltage of the three layers 

GaInP/GaInAs/Ge. 

sides, in CPV systems only can utilise the DNI values, due to the optical 

concentration. Moreover, the values of AM needs to be carefully consid- 

ered while modelling and designing CPV systems. 

The overall performance of a triple junction cell as influenced by 

temperature increases as illustrated in Fig. 7 . A high temperature depen- 

dence, i.e. a temperature rise, will leads to a gradual drop in open circuit 

voltage. In the top and middle subcell, the voltage is inversely propor- 

tional with the temperature increase; hence, the bottom cell dropped to 

near zero volts when the temperature exceeds 100 °C. Where the open 

circuit voltage ( V oc ) of a triple-junction solar cell is the sum of the ( V oc ) 

of all subcell layers. 

3.3. Temperature ‐dependant on EQE 

The external quantum efficiency is one parameter of a solar cell used 

to describe the inner performance operation and should be considered in 

the optimum design of the cells. The EQE is defined as the ratio of the 

number of carriers collected at the electrons for one particular wave- 

length with the total number of incident photons of that wavelength. 

Through EQE, the behaviour of the solar cell’s performance, as expressed 

in Eq. (11) [43] can be described. 

EQE ( λ) = 

Number of electrons 
Number of photons 

(11) 

The quantum efficiency and spectral response (SR) are properties 

used to describe the recombination, current generation, and solar cell 

diffusion mechanisms. The spectrum response is defined as “amperes 

generated per watt of incident light for a given wavelength ” [43] . Usu- 

ally, spectral response is determined by the quantum efficiency, as ex- 

Fig. 8. Experimental data of EQE as a function of temperature increases, (a) top 

subcell (b) middle subcell (c) bottom subcell [19] . 

pressed in Eq. (12) [43] : 

SR (λ) = 

𝑞 ⋅ 𝜆
ℎ ⋅ 𝑐 

⋅ EQE (λ) (12) 

Where h is the Planck constant; c is the speed of light, and q is the 

electron charge. Hence, through this, the behaviour of a solar cell’s per- 

formance can be described. As the cell temperature increases, there will 

be a drop in the material’s band gap absorption, which typically causes 

an increase of J sc of the solar cell and in turn, the EQE will shift to a 

higher wavelength absorption. 

Fig. 8 (a) represents a top subcell GaInP external quantum efficiency 

(EQE) as a function of temperature; hence, as a cell’s temperature in- 

creases significantly, this moves the EQE toward higher wavelengths. 

That will cause an increase in cell photocurrent as temperature increases 

[29 , 44] . 

Fig. 8 (b) shows the impact of cell temperature of a middle sub- 

cell (GaInAs) for a range of temperatures. The light intensity is filtered 

through the top subcell; thus, the short wavelength is gradually shifted 
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Fig. 9. P-V curve of a single layer for triple-junction cells respectively, (a) top 

subcell GaInP (b), middle subcell GaInAs and (c) bottom subcell Ge. As a func- 

tion of temperature increase, which varies from 25 to 125 °C. 

to a longer wavelength. As the temperature rises, the long wavelengths 

in the domain affects the (EQE), which then shifts to a long-wavelength 

[19 , 44] . 

Fig. 8 (c) illustrates the effects of temperature on the EQE of the bot- 

tom subcell (Ge). This subcell responds to the range of infrared light. 

As the cell temperature increases, the (EQE) will shift to longer wave- 

length. This subcell generates a higher current, but not so much that it 

will debilitate the current limitation of the overall cell. Fig. 8 (a,b,c) is 

used only for illustrative purposes only, and no quantitative measures 

for the EQE as a function of temperature increases are calculated. 

3.4. Temperature ‐dependant on power 

The solar characterisation with P-V curves represents the relation- 

ship between the current density generated and the cell voltage. Fig. 9 (a) 

shows a P-V curve of the top cell as a function of cell temperature in- 

crease from 25 to 125 °C. The power generated at 25 °C was 14 mW/cm 

2 , 

and at a cell temperature of 125 °C, the power decreases to 10 mW/cm 

2 . 

Fig. 10. P-V curve of a triple-junction cell as a function of temperature rises 

from 25 to 125 °C. 

Fig. 11. Fill factor of the three-layer cell at a temperature increases from 25 to 

125 °C. 

Moreover, the corresponding values of the voltage dropped from 1.3 to 

1.1 V. Fig. 9 (b) illustrates the middle subcell. The power generated is 

about 12 mW/cm 

2 ; subsequently, as the cell temperature increase from 

25–125 °C, this causes a power drop to 9 mW/cm 

2 . Also, the corre- 

sponding values of the voltage dropped from 1.1 to 0.82 V. Fig. 9 (c) 

illustrates the bottom subcell, which generated less power at 25 °C 

(about 5 mW/cm 

2 ), and at 125 °C, the power generated drops to around 

0.03 mW/cm 

2 Besides, the corresponding values of the voltage dropped 

from 0.31 to 0.02 V. 

The maximum power point is limited by the lower subcell current; 

the bottom cell has less power due to less voltage and higher current. 

Therefore, the power yield of the cell drops because of the drop-in volt- 

age; the maximum power decreases, from 30 mW/cm 

2 to 26 mW/cm 

2 . 

Also, the corresponding values of the voltage dropped from 2.6 to 2.2 V 

as temperature rises from 25–125 °C. Fig. 10 illustrates the P-V curve of 

the triple-junction solar cell as a function of temperature increases from 

25 to 125 °C. 

3.5. Temperature dependence on fill factors (FF) of a triple ‐junction cell 

The fill factors (FF), also depends on the band gap of the subcell, so 

a low band gap cell will result in lower FF values. A thinning of the top 

cell affects the fill factor, V oc and the total current of the three subcells. 

Fig. 11 illustrates the fill factor of the three-layer cell at a temperature 

of 25–125 °C. The fill factor is affected by temperature increases: the 

FF inversely proportional with cell temperatures increase and decreases 

from about 88% to 84% as shown in Fig. 12 . The efficiency of the solar 
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Fig. 12. Decreases in fill factor as cell temperature increases from 25 to 125 °C. 

Fig. 13. Individual junction cell efficiency versus cell temperature increases 

from 25 to 125 °C. 

cell is limited by temperature rises; however, as the cell temperature 

increases, the effect linearly decreases in cell efficiency. The efficiency 

temperature dependence is expressed by Eq. (13) [14] : 

1 
𝜂

𝜕𝜂

𝜕𝑇 
= 

1 
𝑉 𝑜𝑐 

𝜕 𝑉 𝑜𝑐 

𝜕𝑇 
+ 

1 
𝐹 𝐹 

𝜕𝐹 𝐹 

𝜕𝑇 
+ 

1 
𝐽 𝑠𝑐 

𝜕 𝐽 𝑠𝑐 

𝜕𝑇 
(13) 

Where the efficiency of a solar cell is proportional to the produce of FF, 

J sc and V oc . Consequently, the sensitivity of the efficiency to temperature 

is determined by the sensitivity to temperature of J sc , V oc and fill factors 

(FF) [14] . 

3.6. Temperature ‐dependence of triple ‐junction cell efficiency 

The temperature sensitivity of a single junction cell efficiency is con- 

tributed by the J sc , V oc and FF parameters [14] . Fig. 13 shows an indi- 

vidual three-layer cell of a triple-junction cell’s sensitivity to tempera- 

ture. In the triple-junction cell, the same parameters contributed to the 

single cell efficiency. As solar cell’s temperature increases from 25 to 

125 °C, the yield efficiency inversely proportional and decreases from 

32% to 26%. Fig. 14 illustrated a cell temperature rise versus efficiency 

decrease. For the series connection of PV modules, efficiency is limited 

as temperature increases. Once the temperature reaches a certain point, 

the bypass diode will override the cell, which leads to a reduction in 

module efficiency [19 , 45] . 

As an effect of temperature increases, the overall efficiency will de- 

crease, due to the aforementioned degradation. It is, therefore, necessary 

to consider an appropriate cooling technique in order to maintain cell 

lifetime under high concentration ratios. Additionally, its great impor- 

Fig. 14. Overall cell efficiency versus cell temperature increases from 25 to 125 

°C. 

Fig. 15. Cell performance parameter changes due to temperature variation from 

25 to 125 °C. 

tance and required to improve cell efficiency in order to reduce the unit 

cost of energy from the system. 

3.7. Sensitivity analysis 

In this model, a sensitivity analysis has been implemented for five 

performance parameters. In order to investigate the sensitivity to cell 

temperature under CR = 1x, the temperature was incremented from 25 

to 125 °C. The results show that current density is increased by approx- 

imately 5.5%, the open circuit voltage is decreased by 15%, and the ef- 

ficiency dropped by 17%. Also, the fill factor decreases by 4.5%. Lastly, 

the maximum power decreased by roughly 13%. 

The analysis indicated that the most sensitive parameter is the ef- 

ficiency. Additionally, the open circuit voltage is sensitive to tempera- 

ture increases. On the other hand, the fill factor shows less sensitivity 

to the temperature rises. Fig. 15 shows visually the percentage of tem- 

perature variations in electrical performance parameters. The device’s 

energy band gap in relation to temperature is predicted by using the 

Varshni empirical relationship. Therefore, due to a temperature rise, 

and its effects on the energy band gap, it has a significant influence on 

the cell’s electrical parameters. 

The temperature sensitivity of electrical parameters of the solar cell 

degrades, even with light concentration [14] . The devices, PV cells are 

sensitive to the temperature as the most semiconductor devices. That 

is due to giving ‘the bond and the band models’ of the semiconductor 

materials. Therefore, to break a bond, it is important to increase the 

energy of the electrons in the material and thus lower external energy 

and decreasing the energy band gap [31] . Hence, thermal management 
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is required in order to maintain efficient operation. Moreover, for hav- 

ing a reliable and long-term operation, hence it’s significance through 

saving the solar cells from failure or thermal damage. 

4. Conclusions 

Triple-junction solar cells performance behaviour changes as a result 

of cells temperature increases. The increases in cell temperature lead to 

cell performance degradation, which results in significant effects on cells 

performance parameters. The conclusions of this work are summarised 

under as follows: 

• The temperature rises have a negative impact on semiconductor ma- 

terials through a decrease in the energy band gap. That, in turn, af- 

fects the cell parameters of the fill factor decrease by 4.5%, and the 

open-circuit voltage decreased by 15%, and short circuit density in- 

creased by approximately 5.5%. Also, the power decreased by 13%, 

and efficiency dropped by 17%. The predicted model gives a de- 

tailed understanding of the solar cell’s operating behaviours, which 

will lead to enhancing the design and operating performance. 
• The implication of cell temperature increase on the cell performance 

parameters has been discussed previously. It is noticed that, at tem- 

perature increments above 120 °C, at CR = 1x, the output voltage 

of the small energy band gap subcell in the germanium layer is de- 

creased to near zero volts. 
• The temperature sensitivity of semiconductor layers has been esti- 

mated to understand the behaviour of a device to know the temper- 

ature effect on performance. From the model have been established, 

the implication of cell operating temperature variation from 25 to 

125 °C. Also, the predicted effects of a reduction in energy band 

gap magnitude of the (GaInP) top cell, (GaInAs) middle subcell and 

the (Ge) bottom cell. However, in most cases, the performance sen- 

sitivity of a semiconductor device to the temperature is typically an 

undesired effect. 
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a b s t r a c t 

This paper dealt with a series of numerical investigations on a new porous cooling channel applied to PV/T 
systems in order to improve the insufficient heat transfer in the conventional channel. The proposed porous 
cooling channel based on field synergy theory had a higher overall heat transfer coefficient, which enhanced 
the total efficiency of the PV/T system. The numerical model was validated with experimental data. The results 
showed that holes distributed non-uniformly near the outlet of the cooling water led to a better cooling effect, 
and a hole diameter of 0.005 m led to an optimal performance. The total efficiency of the PV module with the 
new cooling channel was 4.17% higher than the conventional one at a solar irradiance of 1000 W/m 

2 and an 
inlet mass flow rate of 0.006 kg/s. In addition, as the solar irradiance increased from 300 to 1200 W/m 

2 , the 
total efficiency of the new PV/T system dropped by 5.07%, which included reductions in both the electrical and 
thermal efficiency. The total efficiency was improved by 18.04% as the inlet mass flow rate of cooling water 
increased from 0.002 to 0.02 kg/s. 

1. Introduction 

The establishment of a reliable renewable energy source is a crucial 
problem that needs to be addressed due to increasing energy shortages 
and widespread environmental problems worldwide [1] . The Photo- 
voltaic/Thermal (PV/T) system is a promising, effective, and sustainable 
technology, which converts solar irradiance directly into electrical and 
thermal energy [2] . Electricity and thermal energy collected are ubiqui- 
tous needs among modern buildings. Solar photovoltaic/thermal (PV/T) 
technologies are well suited to provide all of these in a distributed and 
renewable manner [3] . Previous studies conducted on PV/T systems 
started during the mid-1970s focusing on PV/T collectors, with the pri- 
mary aim of increasing the PV efficiency [4] . PV/T collectors, which are 
also called cooling channels, function as cooling PV modules that col- 
lect the heat generated by the PV cell. The PV/T collectors are designed 
for yielding low and medium temperature grade heat, which has lower 
manufacturing, installation and maintenance costs [5] . Nowadays, the 
optimization of a cooling channel structure was carried out by previous 
researchers, targeting at the improvement of the cooling performance 
and the enhancement of the electrical efficiency. 

In order to improve the efficiency of PV/T systems, many researchers 
have proposed various methods, including heat transfer enhancement 
by adding nanoparticles into the cooling fluid [6] , energy collection en- 
hancement with concentrator [7] and the structure improvement of the 
cooling channel [8] . The improvement of the cooling channel is a more 

∗ Corresponding author. 
E-mail address: chaoshen@hit.edu.cn (C. Shen). 

adaptable method. The optimization of the cooling channel could be 
achieved by enhancing heat transfer between the cooling fluid and PV 

modules. Baloch et al. [9] conducted an experiment about a PV mod- 
ule with a converging heat exchanger. The results showed that the cell 
temperature was reduced significantly to 45.1°C compared to an un- 
cooled PV module, and the power output increased by 35.5%. F. Hussain 
et al. studied a single-pass photovoltaic/thermal (PV/T) solar collector 
with a hexagonal honeycomb heat exchanger and found that at a mass 
flow rate of 0.11 kg/s, the thermal efficiency of the system with the 
honeycomb was 60% higher than without the heat exchanger [10] . Md 
Azharul Karim et al. [11] analyzed the performance of PV modules with 
a V-groove collector according to experimental data. It was found that 
the V-groove collector was 12% more efficient than a flat plate collector 
of a similar design. Fudholi et al. [12] conducted an investigation on 
the energy analysis of PV modules with a ∇ -groove shape collector. It 
was discovered that the average electrical efficiency was improved by 
12.66%. 

In addition to establishing a completely new cooling channel, some 
researchers have also modified the conventional channel, including a 
multi-channel form, adding various fins in the cooling channel, etc. 
[13] . Sopian et al. [14] carried out a comparison between single chan- 
nel and double channel air-type PV/T cooling channels. It was found 
that the total efficiency of the PV module with a double-pass channel 
was 10%-15% higher than that with the single-pass channel. Ooshak- 
saraei et al. [15] studied four types of channels: single channels be- 
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Nomenclature 

G Solar irradiance (W/m 

2 ) 
E Rate of energy transfer (W) 
T Temperature (°C) 
P Pressure (Pa) 
𝑐 𝑝 Specific heat at constant pressure (J/kg •°C) 
k Thermal conductivity of fluid (W/m 

•°C) 
𝑞 Heat flow (W) 
𝑢 Velocity in X direction (m/s) 
𝑣 Velocity in Y direction (m/s) 
𝜔 Velocity in Z direction (m/s) 
𝑛 Surface normal 
𝑢 𝑖𝑛 Inlet flow velocity (m/s) 
𝑅 ℎ Hydraulic diameter (m) 
𝐴 𝑓 Flow channel cross-sectional area (m 

2 ) 
𝑃 𝑒 Perimeter (m) 
Re Reynolds number 

Greek symbols 

𝛿 Thickness (mm) 
�̇� Heat source 
𝜆 Thermal conductivity (W/m 

•K) 
𝜎 Stefan-Boltzmann value (W 

•m 

− 2 •K 

− 4 ) 
𝛾 Kinematic viscosity (m 

2 /s) 
𝜌 Density (kg/m 

3 ) 
𝜂 Efficiency 
𝜏 Transmissivity 
𝛼 Absorptivity 
𝜀 Emissivity 

Subscripts 

a Ambient 
c Cell 
s Sky 
f Fluid 
g Glass 
w Wall 
in Inlet 
out Outlet 
el Electrical 
th Thermal 
tot Total 
ref Reference 

low PV modules, double-path channels with parallel flow, double-path 
channels with counter flow, and double-pass channels with returning 
flow. Results showed that the highest total energy efficiency was found 
for the double-path parallel flow design (51%-67%). Baharudin Yatim 

et al. [16] conducted a performance analysis of a double-pass photo- 
voltaic/thermal (PV/T) collector with CPC and fins. It was found that 
the combined efficiency varied from 39% to 70% at a mass flow rate of 
0.015–0.16 kg/s and a radiation intensity at 500 W/m 

2 . Hussain et al. 
[10] investigated the performance of a cooling channel after the addi- 
tion of hexagonal-fins. It was discovered that the electrical efficiency of 
the PV/T system with the cooling channel increased incrementally by 
0.2% and the thermal efficiency was enhanced by 20%-70% as the in- 
let mass flow rate increased. Özakin [17] carried out an experiment and 
compared the performance of three kinds of cooling channels: one with- 
out fins, one with dense fins, and one with few fins. The results indicated 
that the efficiency of the PV modules with dense fins was 30% higher in 
comparison to cooling channels without fins. Xu et al. [18] carried out 
a comparative experiment from May 1 to May 18 in 2014, and it was 
discovered that the average cell temperature of the PV modules with 

thin metallic fins was about 1.4°C lower than that of conventional PV 

modules. 
The cooling effect of previous cooling channel still needs to be im- 

proved due to a lack of theoretical support. Based on field synergy the- 
ory, a new type of porous cooling channel was proposed in this paper. 
Field synergy theory proposed by Guo [19] has been widely used in 
many fields, and it provides a new idea for the field of heat transfer en- 
hancement. This new type of porous channel created a cooperation an- 
gle between the velocity field and the temperature gradient field, which 
greatly improved heat transfer and boosted the total efficiency of the 
PV modules. A numerical model was developed in the present research 
and was verified by experimental data. The optimal structure of the new 

channel was determined according to numerical results. Moreover, the 
performance of a new PV/T system was discussed under an increased 
solar irradiance and inlet mass flow rate of cooling water. Compared 
with the conventional channel, the new porous cooling channel had a 
better heat transfer effect, and the new PV/T system had a higher elec- 
trical efficiency and thermal efficiency. This study provided a new idea 
for the cooling channel that can be directly applied to the PV industry. 

2. Field synergy theory and novel design of cooling channels 

2.1. Field synergy theory 

For the two-dimensional laminar boundary layer problem, the en- 
ergy conservation is described in Eq. (1) [19] . 

𝜌𝑐 𝑝 

( 

𝑢 
𝜕𝑇 

𝜕𝑥 
+ 𝑣 

𝜕𝑇 

𝜕𝑦 

) 

= 

𝜕 

𝜕𝑦 

( 

𝜆
𝜕𝑇 

𝜕𝑦 

) 

(1) 

Where, 𝜆 is the thermal conductivity of the fluid; 𝑐 𝑝 is the specific 
heat capacity of the fluid at a constant pressure; ρ is the density of the 
fluid; 𝑢 and 𝑣 are velocities in the X and Y directions, respectively. 

The energy conservation equation of steady-state heat conduction 
with uniform internal heat source is expressed by Eq. (2) . 

− �̇�( 𝑥, 𝑦 ) = 

𝜕 

𝜕𝑦 

( 

𝜆
𝜕𝑇 

𝜕𝑦 

) 

(2) 

Where, �̇� is the heat source in the flow field, indicating the heat 
production per unit time and per unit volume. 

By integrating the both sides of Eq. (1) in the temperature boundary 
layer, Eq. (3) is obtained. The left side of Eq. (3) is the sum of the heat 
sources at section X between the two plates, and the right side is the 
heat flow at wall x. 

∫
𝛿𝑡,𝑥 

0 
𝜌𝑐 𝑝 

( 

𝑢 
𝜕𝑇 

𝜕𝑥 
+ 𝑣 

𝜕𝑇 

𝜕𝑦 

) 

𝑑𝑦 = − 𝜆
𝜕𝑇 

𝜕𝑦 
|𝑤 = 𝑞 𝑤 ( 𝑥 ) (3) 

Where, 𝑞 𝑤 ( 𝑥 ) is the wall heat flow at x; 𝛿𝑡,𝑥 is the thickness of the 
thermal boundary layer at x. 

The above analysis and discussion are based on the two-dimensional 
laminar boundary layer, which is also suitable for the three-dimensional 
case. The three-dimensional convective heat transfer is given in 
Eq. (4) [20] . 

∫
𝛿𝑡,𝑥 

0 

[ 
𝜌𝑐 𝑝 

( 

𝑢 
𝜕𝑇 

𝜕𝑥 
+ 𝑣 

𝜕𝑇 

𝜕𝑦 
+ 𝜔 

𝜕𝑇 

𝜕𝑧 

) 

− 𝜆

( 

𝜕 2 𝑇 

𝜕 𝑥 2 
+ 

𝜕 2 𝑇 

𝜕 𝑧 2 

) 

− �̇�

] 
𝑑𝑦 

= − 𝜆
𝜕𝑇 

𝜕𝑦 
|𝑤 = 𝑞 𝑤 ( 𝑥 ) (4) 

The left side of Eq. (4) involves the sum of the convective heat source 
term, conductive heat source term, and real source term. The convec- 
tion term on the left side of Eq. (4) is rewritten into vector form and 
the conductive heat source term and the real source term are removed, 
yielding Eq. (5) . 

∫
𝛿𝑡,𝑥 

0 
𝜌𝑐 𝑝 

( 

⇀
𝑈 ⋅ ∇ 𝑇 

) 

𝑑𝑦 = − 𝜆
𝜕𝑇 

𝜕𝑦 
|𝑤 = 𝑞 𝑤 ( 𝑥 ) (5) 

211 



Y. Zhang, C. Shen, C. Zhang et al. Energy and Built Environment 3 (2022) 210–225 

Eq. (7) is obtained by nondimensionalizing Eq. (5) according to 
Eq. (6) . 

̄𝑟𝑖𝑔ℎ𝑡ℎ𝑎𝑟𝑝𝑜𝑜𝑛𝑢𝑝𝑈 = 

⇀ 𝑈 

𝑈 ∞
, ∇ ̄𝑇 = 

∇ 𝑇 (
𝑇 ∞ − 𝑇 𝑤 

)
∕ 𝛿𝑡 

, �̄� = 

𝑦 

𝛿
, 𝑇 ∞ > 𝑇 𝑤 (6) 

N 𝑢 𝑥 = R 𝑒 𝑥 𝑃 𝑟 ∫
1 

0 

(
̄⇀ 𝑈 ⋅ ∇ 𝑇 

)
𝑑 ̄𝑦 (7) 

Where N 𝑢 𝑥 is the Nusselt number at x; R 𝑒 𝑥 is the Reynolds num- 
ber; and Pr is the Prandtl number. Furthermore, the integral term in 
Eq. (7) can be rewritten as follows: 

̄⇀ 𝑈 ⋅ ∇ 𝑇 = 

|| ̄⇀ 𝑈 

|| × |||∇ 𝑇 
||| cos β (8) 

Where, 𝛽 is the angle between the velocity vector and the tempera- 
ture gradient vector of the fluid. 

It can be concluded from Eq. (7) and Eq. (8) that there are three 
ways to enhance heat transfer: (1) Increase the Reynolds number (e.g. 
increase the flow rate or decrease the channel diameter); (2) Increase 
the Prandtl number (e.g. increase the specific heat capacity and active 
viscosity of the fluid); (3) Increase the value of the dimensionless in- 

tegral term ∫ 1 
0 ( 

⇀
𝑈 ⋅ ∇ 𝑇 ) 𝑑 ̄𝑦 . The dimensionless integral term is the sum 

of the dimensionless heat source intensity at the thickest section of the 
thermal boundary layer at x. According to Eq. (8) , the value of the di- 
mensionless integral term could be improved by increasing the value of 

the absolute value of the velocity, |⇀𝑈 |, the absolute value of the temper- 
ature gradient, |∇ 𝑇 |, and their included angle, β. When 𝛽 is close to 0°
or 180°, the best heat exchange effect can be obtained. In other words, 
getting the optimal field synergy angle by different methods is a new 

way to enhance heat transfer. 

2.2. New design of cooling channels 

On the basis of field synergy theory, a new porous cooling channel 
was proposed with the aim of disturbing the flow field of cooling wa- 
ter in the cooling channel, as shown in Fig. 1 . An inclined inner wall 
was added in the conventional “box ” shape channel, and holes were 
drilled in the inner wall. The cooling fluid entered from the inlet, flowed 
through the upper half of the channel, fell through the hole, flowed 
through the downward half of the channel, and then flowed out of the 
working area. Fig. 1 (a-b) shows the geometry and perspective of the 
new channel. Fig. 1 (d) displays the streamline of the flow through the 
cooling channel. It can be clearly seen from Fig. 1 (e) that the fluid fell 
through the hole, forming a downward velocity field at the hole. 

Fig. 2 is a schematic diagram of PV modules with the new porous 
cooling channel, which was called the new PV/T system. As can be seen, 
the PV module had five layers, including the glass cover, EVA (ethylene- 
vinyl acetate), the polysilicon cell, EVA, and the tedlar (TEDLAR® is 
a commercial registered name of a polyvinyl fluoride film, ’tedlar’ is 
commonly used instead). The cooling channel was constructed with alu- 
minum metal, and then it was attached to the bottom surface of the PV 

module, which together constituted the PV/T system. Apart from these, 
there was thermal insulation material under the cooling channel to pre- 
vent heat loss to the environment. 

Fig. 3 shows the comparison of the fluid flow in the new channel 
and conventional channel. For the conventional PV/T system, the direc- 
tion of the temperature gradient field is perpendicular to the direction 
of the flow because heat generated by the PV cell was transferred from 

the back surface of the PV module to the cooling water in the cool- 
ing channel. The angle between the velocity vector of the fluid flowing 
through the channel and the temperature gradient was close to 90 ◦. In 
other words, cos 𝛽 was close to 0, as can be seen in Fig. 3 (b), which rep- 
resented the worst heat transfer, resulting in insufficient heat exchange 
between the cooling water and PV modules. By contrast, when the cool- 
ing fluid passed through the new channel, a downward velocity field 
appeared at the hole of the inner wall, forming a certain angle with the 

Table 1 

The materials and their physical properties [21 , 22] . 

Materials Depth Conductivity Density Specific heat 
[mm] [kg/m 

3 ] [kg/m 

3 ] [J/ (kg K)] 

Glass 3 1.8 2500 500 

EVA 0.3 0.311 950 2090 

Silicon 0.5 148 2329 700 

EVA 0.3 0.311 950 2090 

Tedlar 0.1 0.15 1200 1250 

Aluminum 0.1 237 2700 903 

temperature field, as illustrated in Fig. 3 (a). According to field synergy 
theory, when the angle between the velocity vector of the fluid flow- 
ing through the channel and the temperature gradient was close to 0°or 
180°, heat transfer is optimized. Because of the closer optimal coordina- 
tion angle in the new cooling channel, there was a better cooling effect, 
which promoted the high electrical and thermal efficiency of the PV/T 

system. Table 1 represents the materials and physical properties of the 
PV/T system [21] . 

3. Methodology 

3.1. Numerical investigation 

Numerical simulations were conducted to investigate the perfor- 
mance of PV modules with the new cooling channel. This simulation 
ran in steady state and was performed using software COMSOL Mul- 
tiphysics based on a finite element technique [23] which was used to 
solve Eqs. (9) - (15) in the PV/T system. 

For the numerical simulation, the following assumptions were made. 

(1) The flow through the cooling channel was considered to be com- 
pletely uniform and incompressible. 

(2) The influence of dust on the glass cover on solar irradiance was ig- 
nored. 

(3) The thermal-physical properties of the cooling channel were as- 
sumed to be constant under temperature variation. 

(4) Ethyl vinyl acetate (EVA) was considered totally transparent and 
transmissive. 

(5) The bottom side of the absorption duct was assumed to be adiabatic. 

The parameters and some numerical settings of the new PV/T system 

is shown in Table 2 . The main size of this new PV/T system was similar 
to that reported in Ref. [22 , 24-26] . 

3.3.1. Governing equations 

In the current simulation, the heat transfer equations in the PV/T sys- 
tem mainly contained five simplified layers: the glass cover, PV cell and 
EVA, tedlar, cooling channel, and the cooling water flowing through 
the channel. The leading partial differential equations in the form of 

Table 2 

Parameters of the PV/T system [22 , 24-26] . 

Parameters Values 

Channel length 1 m 

Channel width 0.6 m 

Channel depth 0.05 m 

Solar irradiance 300-1200 W/m 

2 

Inlet mass flow rate 0.002-0.02 kg/s 

Inlet temperature 20°C 

Reference temperature ( 𝑇 𝑟 ) 25°C 

Ambient temperature ( 𝑇 𝑎𝑚𝑏 ) 20°C 

Glass transmissivity ( 𝜏𝑔 ) 0.96 

Glass emissivity ( 𝜀 𝑔 ) 0.04 

PV cell absorptivity ( 𝛼𝑠𝑐 ) 0.9 

Tedlar absorptivity ( 𝛼𝑡𝑑 ) 0.5 

PV cell efficiency at standard test conditions ( 𝜂𝑟𝑒𝑓 ) 15% 
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Fig. 1. Geometry and velocity streamline of the new cooling channel 

Fig. 2. Layer configuration of the PV/T system 

213 



Y. Zhang, C. Shen, C. Zhang et al. Energy and Built Environment 3 (2022) 210–225 

Fig. 3. Analysis and comparison of two kinds of cooling channels. 

thermal energy equations for PV solid layers as well as fluid layer, con- 
tinuity and momentum equations for fluid layer are given below [22 , 27- 
29] : 

For the solid layers: 

− 

( 

𝑘 

𝜌𝑐 𝑝 

) 

𝑔 

𝜕 2 𝑇 

𝜕 𝑥 2 
+ 

𝜕 2 𝑇 

𝜕 𝑦 2 
+ 

𝜕 2 𝑇 

𝜕 𝑧 2 
= 0 (9) 

For the cooling fluid: 

𝜕𝑢 

𝜕𝑥 
+ 

𝜕𝑢 

𝜕𝑦 
+ 

𝜕𝑢 

𝜕𝑧 
= 0 (10) 

𝜌𝑓 

( 

𝑢 
𝜕 𝑢 𝑗 

𝜕𝑥 
+ 𝑣 

𝜕 𝑢 𝑗 

𝜕𝑦 
+ 𝑤 

𝜕 𝑢 𝑗 

𝜕𝑧 

) 

= − 

𝜕𝑝 

𝜕𝑥 
+ 𝜇𝑓 

( 

𝜕 2 𝑢 𝑗 

𝜕 𝑥 2 
+ 

𝜕 2 𝑢 𝑗 

𝜕 𝑦 2 
+ 

𝜕 2 𝑢 𝑗 

𝜕 𝑧 2 

) 

(11) 

(
𝜌𝑓 𝑐 𝑝𝑓 

)( 

𝑢 
𝜕 𝑇 𝑓 

𝜕𝑥 
+ 𝑣 

𝜕 𝑇 𝑓 

𝜕𝑦 
+ 𝑤 

𝜕 𝑇 𝑓 

𝜕𝑧 

) 

= 𝑘 𝑓 

( 

𝜕 2 𝑇 𝑓 

𝜕 𝑥 2 
+ 

𝜕 2 𝑇 𝑓 

𝜕 𝑦 2 
+ 

𝜕 2 𝑇 𝑓 

𝜕 𝑧 2 

) 

(12) 

Where 𝑗 = 1 , 2 , 3 are the 𝑢, 𝑣, 𝑤 components of the velocity 
vector, 𝜎= 5.670368 ∗ 10 − 8 (W 

•m 

− 2 •K 

− 4 , Stefan-Boltzmann value), 
𝑇 𝑠 = 0.0552 𝑇 1 . 5 

𝑎𝑚𝑏 
is the sky temperature. 𝜌𝑓 , 𝑘 𝑓 , 𝑐 𝑝𝑓 and 𝜇𝑓 are the density, 

thermal conductivity, specific heat at a constant pressure, and dynamic 
viscosity of the fluid, respectively. 

3.3.2. Energy analysis 

The total solar energy, 𝐸 𝑖𝑛 , absorbed by the PV/T system is given by 
Eq. (13) . 

𝐸 𝑖𝑛 = 𝜏𝑔 𝛼𝑐 𝐺𝐴 (13) 

The electrical energy, 𝐸 𝑒𝑙 , produced by the PV cell is expressed by 
Eq. (14) . 

𝐸 𝑒𝑙 = 𝜂𝑒𝑙 𝐸 𝑖𝑛 (14) 

The electrical efficiency of the PV module ( 𝜂𝑒𝑙 ) was a function of the 
PV cell temperature and given by Eq. (15) [4] . 

𝜂𝑒𝑙 = 𝜂𝑟𝑒𝑓 
(
1 − 𝛾

(
𝑇 𝑐 − 𝑇 𝑟 

))
(15) 

Where, 𝜂𝑟 is the reference efficiency of the PV module ( 𝜂𝑟𝑒𝑓 = 0.15); 
𝛾 is a temperature coefficient ( 𝛾 = 0.0045 ◦𝐶 

−1 ); 𝑇 𝑠𝑐 is the PV cell tem- 
perature; and 𝑇 𝑟 is the reference temperature. 

The output thermal energy of the PV/T system was calculated by 
Eq. (16) . The mass flow rate of the cooling fluid was calculated by 
Eq. (17) . The total thermal efficiency of the PV/T system was calculated 
by Eq. (18) . 

𝐸 𝑡ℎ = 𝑚 𝐶 𝑓 

(
𝑇 𝑜𝑢𝑡 − 𝑇 𝑖𝑛 

)
(16) 

𝑚 = 𝜌𝑓 𝐴 𝑓 𝑢 𝑓 (17) 

𝜂𝑡ℎ = 

𝐸 𝑡ℎ 

𝐸 𝑖𝑛 

(18) 

The total efficiency was described by Eq. (19) . 

𝜂𝑡𝑜𝑡 = 𝜂𝑒𝑙 + 𝜂𝑡ℎ (19) 

In addition, the Reynolds number of the cooling fluid in the cooling 
channel was calculated by Eq. (20) , which was used to judge whether 
the fluid was laminar or turbulent. 

𝑅𝑒 = 

𝑢 𝑖𝑛 𝐷 ℎ 

𝛾𝑓 
(20) 

Where, 𝐷 ℎ is the hydraulic diameter defined as follows: 

𝐷 ℎ = 

4 𝐴 𝑓 

𝑝 𝑓 
(21) 

Where, 𝐴 𝑓 and 𝑝 𝑓 are the cross-section and perimeter of the channel, 
respectively. 

In the current numerical study, the maximum calculated Reynolds 
number was 618 less than 2300 (the length and width of the inflow 

section were 0.6 and 0.05 m and the maximum inlet velocity was set as 
0.0067 m/s). Thus, the flow was considered to be laminar. 

3.3.3. Boundary condition 

In the current simulation, the boundary conditions were set as fol- 
lows: 

a At the top surface of the PV module: Inward heat flux: − 𝑘 𝑔 
𝜕 𝑇 𝑔 

𝜕𝑧 
= 

𝐺; Convective heat loss condition: − 𝐧 ⋅ 𝑞 = 𝑈 𝑔𝑎 ( 𝑇 𝑎𝑚𝑏 − 𝑇 𝑔 ) ; Surface to 
environment radiation: − 𝐧 ⋅ 𝑞 = 𝜀 𝑔 𝜎( 𝑇 4 𝑔 − 𝑇 4 

𝑠 
) 

b At the bottom of the cooling channel: Convective heat loss condi- 
tion: − 𝐧 ⋅ 𝑞 = 𝑈 𝑔𝑎 ( 𝑇 𝑎𝑚𝑏 − 𝑇 𝑐ℎ ) 

c At the channel walls: no-slip condition, 𝑢 = 0 
d At the channel inlet: 𝑣 = 𝑉 𝑖𝑛 , 𝑇 = 𝑇 𝑖𝑛 
e At the channel outlet: 𝑃 = 0 
f At the side boundaries of the PV module: insulation, − 𝐧 ⋅ 𝑞 = 0 
g At the solid-fluid interface boundary: ( 𝜕 𝑇 𝑆 

𝜕𝑛 
) 𝑓𝑙𝑢𝑖𝑑 = 

𝑘 𝑠 

𝑘 𝑤 
( 𝜕 𝑇 𝑆 
𝜕𝑛 

) 𝑠𝑜𝑙𝑖𝑑 

3.3.4. Mesh generation and independence verification 

In the present study, the PV cell temperature was considered as a ref- 
erence for the verification of mesh independence. The mesh convergence 
test was carried out at an inlet mass flow rate of 0.01 kg/s, ambient tem- 
perature of 20°C, solar irradiance of 1000 W/m 

2 , and hole diameter of 
0.02 m. Table 3 shows the PV cell temperature at six mesh numbers. 
As can be seen, as the mesh number increased, the PV cell tempera- 
ture gradually decreased. The PV cell temperature was most stable at 
a mesh number of 686313. Therefore, a mesh number of 686313 was 
used for the simulation. Fig. 4 depicts the mesh of the new PV/T system. 
The subdomain boundary shape was free tetrahedral and the boundary 
elements were free triangular. 

3.2. Model validation 

In order to verify the accuracy of the simulation results, the exper- 
iment conducted in Tiwari et al. [30] was modeled and the data was 
verified. The experiment was conducted behind the sixth block at Solar 
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Table 3 

Mesh independence verification. 

Type of mesh Extremely coarse Extra Coarse Coarser Coarse Normal Fine 

Elements 66306 89867 188922 373036 686313 1745524 

PV cell temperature (°C) 37.958 37.937 37.522 37.512 37.509 37.508 

Fig. 4. Finite element meshing of the PV/T system 

Energy Park. The experiment was done in natural convection and forced 
convection (with double fan operating). The following instruments was 
used for the PV/T experiments: (1) Solarimeter, which was used to mea- 
sure solar irradiance. (2) Tong meter, which was used to measure var- 
ious currents and voltages. (3) Temperature Sensors, which was used 
to measure temperatures at different locations in the PV module. (4) 
Anemometer: to measure air flow while entering the duct and leaving 
the duct [30] . 

In the experiment, the conventional “box ” shape cooling channel was 
used for cooling the PV modules, because only the flow and heat transfer 
of the cooling fluid were involved in the cooling channels. The differ- 
ence between the new PV/T system and the conventional PV/T system 

was the different flow in the channel, but the heat transfer was similar 
between both systems. Therefore, the conventional cooling channel was 
used for verification. In the experiment, the area of one module was 0.61 
m 

2 with a packing factor of 83% and a standard electrical efficiency of 
12%. The size of the heat exchanger duct was 1.2 ∗ 0.45 ∗ 0.1 m. In addi- 
tion, the relevant parameter settings are shown in Table 4 according to 
the experiment. As shown in Fig. 5 , the simulation results were in good 
agreement with the experimental results, amounting to a correlation co- 
efficient of 0.99 and a standard percentage deviation error of 2.9% to 
6.9%. In Fig. 5 , Tc is PV cell temperature, Tg is the glass temperature 
and Tout is the temperature of the cooling fluid. 

4. Results and discussion 

The porous cooling channel applied to the new PV/T system was 
investigated in the following aspects: (1) Structure optimization of 
the new cooling channel in Section 4.1 ; (2) Performance of the new 

PV/T system under different operating conditions in Section 4.2 . 

Table 4 

Related experimental parameters [30] . 

Time Irradiance Ambient temperature Inlet temperature Inlet velocity 
(h) (W/m 

2 ) (°C) (°C) (m/s) 

8 23 10 10.8 2.6 

9 118 10.5 12 2.9 

10 404 13 14.8 3 

11 546 16 17.8 3.17 

12 546 19 21.2 3.3 

1 534 20 21.5 3.33 

2 509 20 22.4 3.2 

3 334 20 22.6 2.97 

4 134 20 21.3 2.9 

Fig. 5. Hourly variation of the PV cell temperature, glass temperature, and out- 
let temperatures with local time. 

Fig. 6. Schematic diagram of the two inflow modes. 
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Fig. 7. Continued. 

216 



Y. Zhang, C. Shen, C. Zhang et al. Energy and Built Environment 3 (2022) 210–225 

Fig. 7. Geometry and cloud chart of the PV/T system with 
several channels at two inflow directions (simulated result). 

(3) Performance comparison between the new cooling channel and the 
conventional channel in 4.3. 

4.1. Structural parameter optimization of the double wedge porous 

structure 

4.1.1. Comparative analysis of two inflow directions and different hole 

arrangements 

In this section, there are two main points of discussion. (1) The dif- 
ference of heat transfer performance between two inflow modes of the 
cooling channel. (2) The performance analysis of the new channel with 
different hole arrangements (including one structure with uniformly dis- 
tributed holes (U) and four structures with non-uniformly distributed 
holes (N1, N2, N3, N4), as shown in Fig. 7 . The operating conditions in 
the simulation were as follows: a solar irradiance of 1000 W/ m 

2 , an 
inlet mass flow rate of cooling water of 0.01 kg/s, and a hole diameter 
of 0.02 m. 

The comparative analysis of heat transfer performance between the 
two inflow modes of the cooling channel was studied. The two direc- 
tions were as follows: one was flowing in from the entrance and falling 
down from the hole (down); the other was flowing in from the entrance 
and impacting the wall from the hole upward (up), as depicted in Fig. 6 . 

Fig. 8. Comparison of two inflow directions (simulated result). 

Fig. 7 shows the five kinds of structural diagrams (U, N1, N2, N3, and 
N4) and temperature distribution cloud diagram of these structures with 
two flow directions. As can be seen, two different inflow modes led to 
different surface temperature distributions of the PV modules. When the 
cooling water flowed downward though the holes, the surface tempera- 
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Fig. 9. The geometry and cloud chart of the different hole di- 
ameters (simulated result). 
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ture of the PV module rose with the flow direction of the cooling water. 
When the cooling water flowed upward though the holes, there were 
cold spots on the surface caused by the upward impact of the cooling 
water at the holes, and the surface temperature distribution in this way 
was more uniform. However, the downward flow structures had a lower 
surface temperature (the surface temperature and the PV cell tempera- 
ture had the same trend of change. One was the surface temperature of 
the PV module and the other was the temperature of the middle layer 
of the PV module). Fig. 8 shows that within all five structures the av- 
erage PV cell temperature with downward flow in the cooling channel 
was lower than with upward flow. The reason was that there was an 
insufficient heat exchange at the entrance for the upward flow structure 
(flowing in from the entrance and impacting the wall from the hole up- 
ward). Although the inclined inner wall created an angle between the 
velocity field and the temperature gradient field, it impeded the convec- 
tion heat transfer between the cooling fluid and the bottom surface of 
the PV module at the entrance. The flow direction comparison diagram 

of structure N4 in Fig. 7 confirmed this point, demonstrating that the 
surface temperature of the PV module reached a local high near the en- 
trance. The inclined inner wall seriously hindered the convective heat 
transfer between the cooling fluid and the PV module at the entrance. 
In addition, because the holes near the outlet were far away from the 
PV bottom surface, these holes could not effectively disturb the convec- 
tive heat transfer between the cooling fluid and the PV bottom surface 
when the cooling fluid moved upward through the holes, so there was 
a diminished field synergy effect. These two reasons caused a higher 
PV cell temperature for the upward flow structure in comparison to the 
downward flow structure. 

The distribution of the holes was also investigated in order to ob- 
tain an optimized hole distribution. From the cloud chart in Fig. 7 and 
data histogram in Fig. 8 , when the holes were distributed on the whole 
surface of the inclined inner wall (structure U, N1, N2, N3), the unifor- 
mity and non-uniformity of the holes had little influence on the heat 
transfer effect. When the holes were distributed on half of the inclined 
inner wall near the outlet (structure N4), the heat transfer effect was 
greatly improved and the PV cell temperature was lower. Because the 
distance between the inclined wall near the inlet and the bottom sur- 
face (for a downward flow direction) of the cooling channel was very 
small, the holes near the inlet would not produce a falling effect, and 
they could even constitute an obstacle which could hinder the flow and 
heat transfer. 

4.1.2. The effect of hole diameter on the cooling efficiency of PV modules 

Fig. 9 displays the geometry and cloud chart of the temperature of 
the new cooling channel (structure N4) with holes of different diameters 
at the inner wall in the cooling channel at a solar irradiance of 1000 
W/m 

2 and an inlet mass flow rate of 0.01 kg/s. As can be seen, the 
surface temperature of the PV module went down as the hole diameter 
decreased. A smaller hole size was associated with a faster fluid velocity. 
Therefore, there was a larger velocity field as the hole size decreased. 
According to Eq. (8) , the larger velocity field, the better the heat transfer 
performance, and then the better the cooling effect. Consequently, the 
lower temperature of the PV module occurred in the cooling channel of 
a smaller hole size. 

The X-Z section (Y = 0.85 m) of the velocity field with holes of three 
different diameters is illustrated in Fig. 10 . As can be seen, when the 
diameter was 0.005 m, the maximum falling speed at the hole was 
3.22 ∗ 10 − 3 m/s. There was a clear falling trend in the hole. However, 
for the holes with diameters of 0.01 and 0.02 m, the maximum veloc- 
ity decreased gradually, and the falling trend of the cooling fluid from 

the hole became less obvious. It could be concluded that the larger the 
hole, the more unfavorable it was for the falling of the fluid. This could 
be attributed to the fact that there was a fixed volume of fluid to pass 
through the hole. When the area of the hole became larger, the passing 
speed would become smaller, which led to a weaker velocity field. As a 
result, the heat transfer performance was weakened. 

Fig. 10. Velocity field of the x-z section with different hole diameters (simulated 
result). 

Fig. 11 and Fig. 12 show the effect of the hole diameter of the in- 
ner wall in the cooling channel on the PV/T performance with a solar 
irradiance of 1000 W/m 

2 and an inlet mass flow rate of 0.01 kg/s. In 
Fig. 11 , the average PV cell temperature increased by 2.07°C (35.88°C 

to 37.95°C) as the hole diameter increased from 0.005 to 0.03 m, re- 
sulting in a 0.14% reduced electrical efficiency (14.27% to 14.13%). 
According to Eq. (8) , a better heat transfer performance was associated 
with a greater velocity which occurred in the small hole diameter. Thus, 
the PV module with the new cooling channel of smaller hole diameters 
had a lower PV cell temperature and a higher electrical efficiency. In 
Fig. 12 , the outlet temperature of the cooling water and thermal effi- 
ciency both went down when the diameter of the hole increased. As the 
diameter increased from 0.005 to 0.03 m, the outlet temperature of the 
cooling water and thermal efficiency decreased by 0.46°C and 2.39%, 
respectively. Because the new cooling channel with a greater diameter 
had a poor heat transfer performance, the less heat was transferred to 
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Fig. 11. The effect of hole diameter on the electrical efficiency of the PV/T 
system (simulated result). 

Fig. 12. The effect of hole diameter on the thermal efficiency of the PV/T sys- 
tems (simulated result). 

Fig. 13. Comparison of hole quantity in the X direction (simulated result). 
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Fig. 14. Comparison of hole quantity in the Y direction (simulated result). 

the cooling water. Consequently, the thermal efficiency decreased when 
the diameter of the hole increased. 

4.1.3. The effect of hole quantity on the cooling efficiency of PV modules 

From the former two sections, it was determined that the heat trans- 
fer performance was better when the diameter of the holes was 0.005 m 

and the holes were distributed in half of the inner wall near the outlet. 
This section studied the influence of the number of holes on the heat 
transfer performance based on the optimized structure. Fig. 13 presents 
the effect of an increased number of holes in the X direction on the heat 
transfer performance with a solar irradiance of 1000 W/m 

2 and an inlet 
mass flow rate of 0.01 kg/s. As can be seen, the surface temperature of 
the PV modules with dense holes in the X direction was highest, which 
meant that dense holes in the X direction had a negative effect on heat 
transfer. A sparse number of holes in the X direction could slightly re- 
duce the temperature, but the temperature change was not significant. 

Fig. 14 shows the effect of an increased number of holes in the Y 

direction on the heat transfer performance. The surface temperature of 
the PV modules with densely packed holes, normal holes, and loosely 
packed holes was 35.99°C, 35.89°C, and 35.88°C, respectively. The num- 
ber of different holes in the Y direction had a weak influence on the heat 
transfer performance. From the results, properly reducing the number of 
holes had a positive effect on heat transfer. This was due to the fact that 
a fewer number of holes led to a greater velocity and a stronger velocity 
field, which was beneficial for lowering the PV cell temperature. 

Fig. 15. The effect of solar irradiance on the electrical efficiency of PV/T sys- 
tems (simulated result). 

4.2. The performance of PV/T systems with various operational conditions 

4.2.1. The effect of solar irradiance on the performance of PV/T systems 

Fig. 15 shows the effect of solar irradiance on PV/T systems at an 
inlet mass flow rate of 0.1 kg/s and presents the performance compari- 
son between the PV modules with the new cooling channel and without 
cooling. A PV module is just a board that converts solar energy into 
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Fig. 16. The effect of solar irradiance on the electrical efficiency of the PV/T 
system (simulated result). 

electricity, without heat harvesting devices, while PV/T systems is the 
combination of PV modules and the heat harvesting devices (cooling 
channels). As the solar irradiance increased from 300 to 1200 W/m 

2 , 
the cooled and uncooled average PV cell temperature both increased 
and the electrical efficiency decreased. Due to the larger energy input 
into the PV/T system, the PV cell generated more heat while generating 
electric energy, resulting in a high PV cell temperature. Consequently, 
the electrical efficiency went down. In addition, it could be observed 
that the electrical efficiency of the cooled PV module was greatly im- 
proved compared to the uncooled PV module. At a solar irradiance of 
1200 W/m 

2 , the cooled average PV cell temperature was 42.26°C lower 
than the uncooled temperature, and the electrical efficiency was im- 
proved by 2.85%. 

On the other hand, as the solar irradiance increased, the tempera- 
ture difference between the cooled and uncooled PV modules increased 
as the solar irradiance increased. As known, the temperature difference 
between the PV module and the cooling water would affect the cooling 
effect. A higher PV cell temperature was caused by a greater amount of 
solar irradiance which led to a greater temperature difference between 
the PV module and the cooling water at the fixed inlet temperature of 
the cooling water. The large temperature difference was advantageous 
for promoting heat transfer and then cooling effect. As a result, the tem- 
perature difference between the cooled and uncooled PV cell increased 
with the increase of the solar irradiance. 

Fig. 16 displays the effect of solar irradiance on the thermal effi- 
ciency of the PV/T system. With solar irradiance increasing from 300 to 
1200 W/m 

2 , the outlet temperature of the cooling water increased from 

23.77°C to 34.42°C, and the thermal efficiency of the PV/T system de- 
creased from 52.47% to 50.22%. Due to the increased solar irradiance, 
there was more heat transferred to the cooling channel, which caused 
an increased outlet temperature. The reason for the decreased thermal 
efficiency was that there was more heat loss due to the higher PV cell 
temperature. 

4.2.2. The effect of inlet mass flow rate on the performance of PV/T 

systems 

Fig. 17 shows the inlet mass flow rate of cooling water on the elec- 
trical efficiency of the PV/T system at a solar irradiance of 1000 W/m 

2 

and presents the performance comparison between cooled and uncooled 
PV modules. As can be seen, the cooled average PV cell temperature de- 
creased from 54.57°C to 31.56°C, and the electrical efficiency of the 
PV/T system went up from 13.00% to 14.56% when the inlet mass flow 

rate of cooling water increased from 0.002 to 0.02 kg/s. Compared with 
the uncooled PV module, the average PV cell temperature was greatly 
reduced by 40.51°C , and the electrical efficiency of the PV/T system 

greatly increased by 2.74% at a cooling water inlet mass flow rate of 
0.02 kg/s. A higher inlet mass flow rate made the cooling water a lower 

Fig. 17. The effect of the inlet mass flow rate on the electrical efficiency of 
PV/T systems (simulated result). 

Fig. 18. The effect of the inlet mass flow rate on the thermal efficiency of the 
PV/T system (simulated result). 

temperature and created a bigger temperature difference between the 
PV cell and the cooling water, resulting in more heat being transferred 
to the water. As a consequence, the average PV cell temperature was 
reduced, and the electric efficiency of the PV/T system was improved. 
In addition, the contribution of the increased inlet mass flow rate of 
cooling water to the PV cell temperature rate of change was restricted 
due to the limitation of the convective heat transfer coefficient. There- 
fore, the PV cell temperature rate of change and the electric efficiency 
decreased gradually. 

Fig. 18 shows the influence of the inlet mass flow rate of cooling wa- 
ter on the thermal efficiency of PV/T systems. When the inlet mass flow 

rate of cooling water increased from 0.002 kg/s to 0.02 kg/s, the outlet 
temperature decreased from 63.98°C to 26.37°C , and the thermal effi- 
ciency increased from 36.76% to 53.25%. On the one hand, for a section 
of cooling water, the time the water needed to travel from the inlet to 
the outlet of the cooling channel decreased, resulting in diminished heat 
exchange for fixed length fluids, which caused the outlet temperature of 
the cooling water to decrease as the mass flow rate of the cooling water 
increased. On the other hand, there would be a larger convective heat 
transfer coefficient between the PV module and the cooling water due 
to the greater inlet mass flow rate of the cooling water, so more heat 
was transferred to the cooling water in unit time, leading to a lower PV 

cell temperature. The lower PV cell temperature reduced the heat lost 
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Fig. 19. The comparison of the PV module with the new channel and the con- 
ventional channel against solar irradiance (simulated result). 

to the environment, which brought about enhanced thermal efficiency 
of the PV/T system. 

4.3. Comparison between the new channel and the conventional smooth 

channel 

Fig. 19 shows the comparison between the new channel and con- 
ventional channel with regard to the average PV cell temperature and 
efficiency of the PV/T system. As can be seen, as the solar irradiance 
increased from 300 to 1200 W/m 

2 , the average PV cell temperature 
with the new channel was lower than that of the conventional channel 
at the same solar irradiance. The total efficiency, the sum of the elec- 
trical efficiency and the thermal efficiency of PV/T systems, with the 
new cooling channel was always higher than that of the conventional 
cooling channel. The results showed that the new cooling channel had 
a better cooling effect on the PV cell and was preferable for the PV/T 

system. 
In addition, it was found that as the solar irradiance increased, the 

total efficiency difference between the new channel and the conven- 
tional channel rose from 3.23% to 4.00%, and the PV cell temperature 
difference exhibited a rising trend. As known, a high solar irradiance can 
cause a high PV cell temperature, which could result in a greater temper- 
ature difference (larger temperature gradient) between the PV module 
and the cooling water. According to Eq. (8) , the temperature gradient 
corresponded to the term |∇ 𝑇 |. The larger the temperature gradient, the 
greater the value of |∇ 𝑇 |. For the conventional channel, the field syn- 
ergy angle β was 90°, cosβ= 0. The increase of the value of |∇ 𝑇 | would 
not affect the value of |∇ 𝑇 |cosβ. Thus, the larger temperature gradient 

Fig. 21. Comparison of PV module with new channel and conventional channel 
against mass flow rate (simulated result). 

would not contribute to the heat transfer. However, for the new cooling 
channel, the increase of the value of |∇ 𝑇 | was conductive to the value 
of |∇ 𝑇 |cosβ due to β being close to 0°. The field synergy angle of the 
two kinds of cooling channels is shown in Fig. 20 . As a result, as the so- 
lar irradiance increased, the total efficiency difference between the new 

channel and the conventional channel gradually increased. 
Fig. 21 displays the comparison between the new channel and the 

conventional channel with regard to the average PV cell temperature 
and efficiency of the PV/T system when the inlet mass flow rate of cool- 
ing water increased at a solar irradiance of 1000 W/m 

2 . At the same 
mass flow rate, the average PV cell temperature with the new chan- 
nel was lower than that of the conventional channel, and PV modules 
with the new channel had a higher total efficiency (both higher elec- 
trical efficiency and thermal efficiency). The maximum average PV cell 
temperature difference and total efficiency difference between the new 

cooling channel and conventional cooling channel reached up to 4.20°C 

and 4.17%, respectively. Results showed that the PV module with the 
new cooling channel performed better at each inlet mass flow rate of 
cooling water. 

Fig. 22 demonstrates the comparative temperature cloud chart of the 
PV/T system with the new channel and conventional channel at a solar 
irradiance of 1000W/m 

2 and an inlet mass flow rate of 0.01 kg/s. The 
average temperature of the PV cell and the total efficiency with the con- 
ventional channel were 5.02°C and 3.78% higher than that of the new 

cooling channel, respectively. In addition, the temperature distribution 
of the PV module with the new cooling channel was more uniform than 
that of the conventional cooling channel. The results showed that the 
new channel was preferable. 

Fig. 20. Schematic diagram of the field synergy angle of two kinds of flow channels. 
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Fig. 22. The surface temperature of the con- 
ventional channel and the new channel (simu- 
lated result). 

5. Conclusion 

In this paper, a new kind of cooling was proposed according to field 
synergy theory, and the optimal structure was obtained by analyzing 
the structure of the channel. The performance of the optimized flow 

channel was studied under increased solar irradiance and inlet mass 
flow rate. In addition, a comparative analysis of the new cooling channel 
and the conventional cooling channel was also investigated. The main 
conclusions were stated as follows: 

(1) When the holes in the inner wall of the new channel were close to the 
outlet and the inner wall had smaller holes, the cooling effect per- 
formed better. The recommended design of the new cooling channel 
is that the holes close to the outlet are densely arranged, and the 
direction of the cooling fluid is to fall from the hole. The diameter 
of an optimized hole is 0.005 m. 

(2) As the solar irradiance increased from 300 W/m 

2 to 1200 W/m 

2 , 
the electrical efficiency and thermal efficiency of the new PV/T sys- 
tem dropped by 0.11% and 0.25%, respectively, every 100 W/m 

2 

increase of the irradiance. 
(3) The electrical efficiency and thermal efficiency of the PV/T system 

increased by 0.086% and 0.92%, respectively, every 0.001 kg/s in- 
crease of the inlet mass flow rate. (the inlet mass flow rate ranged 
from 0.002 to 0.02 kg/s). Compared with the uncooled PV module, 
the electrical efficiency was improved by 2.73% at an inlet mass flow 

rate of 0.02 kg/s. 
(4) Because of the field synergy principle, the new cooling channel ex- 

hibited a better cooling effect than the conventional cooling channel. 
At each solar irradiance and inlet mass flow rate, the total efficiency 
of the new cooling channel was about 4% higher than the efficiency 
of the conventional channel. 
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a b s t r a c t 

Polystyrene (PS) is rich in plastic materials, but it produces a large amount of waste every year, causing a huge 

burden on the environment. Although PS plastic is the source of a common "white pollution" in daily life, it 

still has a high utilization value. At the same time, the flammability of PS material determines that it cannot be 

applicated in places where fire accidents occur frequently. As a result, its application has been greatly limited. 

In order to realize the efficient utilization of waste PS and broaden its scope of application, PS was modified by 

hyper-crosslinking in order to improve its fire-retardant performance. In this method, the PS solution with high 

purity was obtained by dissolving waste PS foam with 1,2-dichloroethane (DCE), and then the hyper-crosslinked 

polymer with high specific surface area was prepared by adding cross-linking agent formaldehyde dimethyl 

acetal (FDA) and a Lewis-acid catalyst ferric chloride (FeCl 3 ). Further studies showed that the effects of the 

amount of cross-linking agent FDA, catalyst FeCl 3 and PS on the reaction products were different. In addition, 

compared the as-prepared fire-retardant materials with PS foam from the aspects of flame retardancy and thermal 

insulation, it can be concluded that the fire-retardant performance of the materials prepared by this method has 

been significantly enhanced. And it is proved that this method is feasible towards the preparation of a large 

number of fire-retardant composite materials by using a scale-up experiment. 

1. Introduction 

1.1. Research background and significance 

In China, the output of the plastic products industry has reached 

81.8417 million tons in 2019, an increase of 3.91% over the same pe- 

riod last year and 2.8% higher than the same period last year, 60% 

of which was treated as waste [ 1 , 2 ]. Polystyrene (PS) materials have a 

large proportion in plastic products [ 3 , 4 ]. PS materials play a great role 

in making good technological products [5] . At the same time, waste PS 

materials are still of great value when used in manufacturing and pro- 

cessing into new products [6-8] . This shows that waste PS is still a very 

valuable petrochemical energy. Therefore, the reuse of waste PS materi- 

als around the world will be one of the most essential means to alleviate 

the current energy crisis [9] . 

1.2. Large amount of waste PS exerts great pressure on the environment 

and ecology 

In recent years, from expandable PS bead foaming method to the 

emergence of one-step molding method, PS materials have been rapidly 

developed and applied [ 10 , 11 ]. With the rapid development of plastics 

∗ Corresponding author. 

E-mail address: raozhonghao@cumt.edu.cn (Z. Rao). 

industry, a large number of waste PS based plastics compose of the main 

factor of "white pollution" [12] . It exerts great pressure on the environ- 

ment and ecology, and further threatens the life safety of both human 

and other organisms [13] . 

1.3. Applications of polystyrene 

Moreover, building energy conservation is also a hot issue in the 

past few years. PS material has played an important role in the field 

of building construction, in particular for the thermal insulation mate- 

rials [ 14 , 15 ]. When used as a thermal insulation material of building 

exterior wall, PS materials are able to play a good energy-saving effect. 

However, PS is easy to burn because it is an organic polymer mate- 

rial. For example, there have been several fires in China caused by the 

burning of styrofoam insulation materials for exterior walls of buildings 

[16] . Such events make us have to pay more attention to the practicabil- 

ity of PS as a building material for fire and flame retardant. Therefore, 

there is an urgency to develop a PS based building materials bearing 

both good thermal insulation property and fire-retardant performance. 

In addition, it will be more favourable if the starting materials original 

from the waste PS [17] . 

https://doi.org/10.1016/j.enbenv.2021.01.008 

Received 5 August 2020; Received in revised form 24 January 2021; Accepted 25 January 2021 

Available online 19 February 2021 

2666-1233/Copyright © 2021 Southwest Jiatong University. Publishing services by Elsevier B.V. on behalf of KeAi Communication Co. Ltd. This is an open access 

article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.enbenv.2021.01.008
http://www.ScienceDirect.com
http://www.keaipublishing.com/en/journals/energy-and-built-environment/
mailto:raozhonghao@cumt.edu.cn
https://doi.org/10.1016/j.enbenv.2021.01.008
http://creativecommons.org/licenses/by-nc-nd/4.0/


C. Liu, Y. Xie, D. Gao et al. Energy and Built Environment 3 (2022) 226–232 

1.4. Preparation of polystyrene fire proof material 

Nowadays, the main flame retardant methods of PS materials were as 

follows: (1) adding flame retardant when PS foaming raw material was 

synthesized, (2) flame retardant coated with PS pre-foamed particles, 

(3) flame retardant with coating with PS foamed plastic sheet and (4) 

copolymerization [18-22] . The first three kinds of methods all need to 

realize the flame-retardant function with the help of the flame-retardant 

ability of external flame retardant elements. However, the problems of 

uneven dispersion, dialysis, volatilization and decomposition of flame 

retardants were easy to occur in processing engineering, and there are 

few flame-retardant materials to choose from [ 23 , 24 ]. Once the flame- 

retardant material is lost, the flame-retardant effect decreases sharply, 

which is no different from the ordinary PS materials [ 25 , 26 ]. The fourth 

method is the copolymerization method, which uses the reactive flame 

retardant and the polymer monomer to undergo polymerization reac- 

tion or participates in the chemical reaction as a crosslinking agent, 

and the material is prepared through the hyper-crosslinking reaction 

[27] . When flame-retardant elements are present in the main chain or 

branch of the macromolecule, the flame-retardant effect will be more 

obvious, which is because the prepared polystyrene fire-retardant mate- 

rial is stronger, and the flame retardant and polystyrene will not separate 

the flame retardant elements existing on the polystyrene macromolec- 

ular chain [27] . However, in this method, the flame retardant is easily 

decomposed under the high temperature conditions of polymer synthe- 

sis process; or there are side reactions accompanying, which will cause 

certain adverse effects on the performance of the flame retardant mate- 

rial [ 28 , 29 ]. 

1.5. The purpose, significance and research work of this paper 

Prior to this, we reported a novel phase change material (PCM) 

shape-stabilization strategy using PS as a raw material through a chem- 

ical hyper-crosslinking reaction. The experimental results show that the 

success of the method mainly depends on the synchronization of the 

Friedel-Crafts reaction and the avoidance of external absorption pro- 

cesses during PCM packaging [30] . Simultaneously, we also reported 

that the waste PS foam material was used as the heat storage mate- 

rial, and the shape stabilization method was used to realize the PCM 

in-situ PCM encapsulation scheme. We also investigated the effect of 

the amount of crosslinking agent and catalyst on the PCM composite 

material [31] . Inspired by our pioneering work, the idea is to use the 

nucleophilicity with styrene molecules and use the strategy of hyper- 

crosslinking to prepare a material with a hyper-crosslinked PS structure 

that has both porosity and mechanical strength. More importantly, the 

catalyst used in the reaction, ferric trichloride, does not need to be sep- 

arated and can be directly converted into iron oxide, which further en- 

hances the fire resistance and mechanical strength of the prepared PS. 

It is worth noting that at present, there are few related studies based 

on the preparation and performance of waste PS plastic fire-retardant 

materials. This method considers waste PS foam as the experimental 

raw material, adhering to the concept of green chemistry development, 

and carrying out the hyper-crosslinking reaction by adding cross-linking 

agent formaldehyde dimethyl acetal (FDA) and catalyst ferric chloride 

(FeCl 3 ) to the 1, 2-dichloroethane (DCE) solution of PS the study. Thus, 

the recycling method of waste PS can be expanded. 

2. Experimental section 

2.1. Experimental reagents and instruments 

DCE was purchased from Shandong Deyan Chemical Co., Ltd. FDA 

was purchased from Shanghai Tianlang Technology Co., Ltd. Anhydrous 

FeCl 3 was purchased from Shanghai McLean biochemical Co., Ltd. In 

this paper, waste PS foam came from domestic waste. Through elemen- 

tal analysis, the density of waste PS foam is 35.6 kg/m 

3 (the weight 

percentages of carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) are 

85.12%, 7.04%, 0.2% and 0.24%, respectively). 

The models and manufacturers of the main experimental instruments 

and equipment are: FA2204B electronic balance (China Jingke Tianmei 

Scientific instrument Co., Ltd., precision 0.1mg), ZNCL-GS intelligent 

magnetic heating pot (China Yuezhong instrument and equipment Co., 

Ltd.), RE-52A rotary evaporator (China Yarong biochemical instrument 

Factory), Quanta250 scanning electron microscope (FET, USA), D8 ad- 

vance X-ray diffractometer (Brooke, Germany), VERTEX8v Fourier in- 

frared spectrometer (Brooke, Germany) and STA449C thermogravimet- 

ric analyzer (Nike, Germany). 

2.2. The experimental method 

BrukerVertex70FT-IR was used as a KBr disc to record the FT-IR 

spectrum. On the STA449C thermogravimetric analyser, the thermo- 

gravimetric analysis was carried out at a rate of 10°C min − 1 from room 

temperature to 800°C in nitrogen atmosphere. Scanning electron micro- 

scope (SEM) imaged recording using FEISirion200 field emission scan- 

ning electron microscope, whose working voltage was 10 kV. The X-ray 

diffractometer (SMARTLAB, Rigaku) used nickel filtered Cuk 𝛼 radiation 

( k = 0.154 nm), whose tube current was 30 mA and generator voltage was 

40 kV. The scanning speed was 8 °C min − 1 , from 0°to 80° of 2 𝜃. Weigh 

the same quality and press the samples to be tested into wafers using 

manual tablet press. The fire-retardant performance of the materials be- 

fore and after modification was compared by direct burning on a flame 

of ethanol lamp. 

2.3. Preparation steps of PS fire-retardant material 

First of all, our job was to purify the PS by dissolving the waste 

PS foam with an appropriate amount of DCE solution and stirring it 

fully with the glass rod to make sure that the waste PS foam was com- 

pletely dissolved. On this basis, an appropriate amount of deionized wa- 

ter which is insoluble with DCE and excess anhydrous sodium sulfate 

were added successively to extract and remove water. The prepared so- 

lution was poured into a round bottom flask, and an appropriate amount 

of DCE was added for rotary evaporation under the condition of evapo- 

ration temperature 45 °C and vacuum pump pressure 0.098 MPa. After 

3 hours of rotary evaporation, the flask was removed on the basis of en- 

suring the complete volatilization of DCE. Then pure PS can be obtained 

by re-dissolution operations. 

After the pure PS was obtained, the composite fire-retardant mate- 

rial was prepared. The reaction was carried out in a round-bottomed 

flask. The PS solution with a concentration of 0.1 g/ml was poured into 

a round-bottomed flask. The reaction condition was 80 °C, 600 rpm. 

A buret was used to drop a certain FDA into the flask and then a cer- 

tain amount of FeCl 3 was taken to add to the flask. It took more than 

24 h to ensure that the hyper-crosslinking reaction can be fully carried 

out. After the end of the hyper-crosslinking reaction, the flask contain- 

ing the reactants was placed in a rotary evaporator for 2 hours under 

the condition of evaporation temperature 45 °C and vacuum pump pres- 

sure 0.098MPa. When the solvent in the flask evaporated, the reaction 

product was taken out. The prepared composite fire-retardant material 

was dried in a constant temperature electrothermal drying box at 80 °C 

for 24 h and then taken out and ground into powder. The composite 

flame-retardant material which was ground into powder was pressed by 

a tablet press to obtain the shape-stabilized material. The purpose of this 

operation was to facilitate the subsequent characterization tests and the 

production of test samples of fire-resistant materials. 

3. Results and discussion 

3.1. Preparation process and result description 

The preparation process was mainly composed of preparation of pure 

PS, dissolution in organic solvents, hyper-crosslinking reaction, evapo- 
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Fig. 1. Schematic illustration of preparation 

procedure. 

Table 1 

Study on the different reaction parameters. 

Sample PS (g) FeCl 3 (g) FDA (mL) Reaction Temperature (°C) Rotate Speed (r/min) 

S1 1 1 3 80 600 

S2 1 0.6 3 80 600 

S3 1 0.8 3 80 600 

S4 1 1.2 3 80 600 

S5 1 1.4 3 80 600 

S6 1 1 2.2 80 600 

S7 1 1 2.6 80 600 

S8 1 1 3.4 80 600 

S9 1 1 3.8 80 600 

S10 0.8 1 3 80 600 

S11 1.5 1 3 80 600 

S12 1.5 0 0 0 0 

ration to remove organic solvents and ammonia treatment. The reaction 

process is shown in Fig. 1 . Simply put, the benzene ring of the PS skele- 

ton reacts with FDA with the aid of FeCl 3 to form the intermediates. 

After that, the intermediate s react with another PS unit to complete the 

hyper-crosslinking process. Among them, what is surprising is that due 

to the robustness and rapid kinetic characteristics of the Friedel-Craft 

reaction, the composite fire-retardant materials have large specific sur- 

face area and good stability of porous nanostructures. Furthermore, in 

order to further improve the atomic economy, FeCl 3 where used as a 

catalyst was in-situ converted to the corresponding iron oxide. In the 

preparation of fire-retardant materials based on PS plastics, the amount 

of FDA, FeCl 3 and PS had different effects on the experimental reac- 

tion. While ensuring that other preparation processes were basically the 

same, the following table is carried out to explore the preparation pro- 

cess ( Table 1 ). 

In the preparation process of the above table, the experiment S1 –S5 

was to explore the effect of the amount of FeCl 3 in the preparation of 

fire-retardant materials; experiment S1 and S6 –S9 were to explore the 

role of the amount of FDA in the preparation of fire-retardant materi- 

als; experiment S10 –S11 was to explore the role of the amount of PS in 

the preparation of fire-retardant materials. In experiment S12 , the waste 

Styrofoam was directly used as the blank control group, and the prop- 

erties of the composites were compared with those of the composites 

prepared in the experiment. 

Then the structure of the prepared composite fire-retardant material 

was analysed. 

3.2. SEM characterization of composite fire-retardant material 

As it is shown in Fig. 2 , the scanning electron microscope (SEM) 

image of the sample was shown. First of all, by comparing the SEM dia- 

grams of S1 ~S11 (fire-retardant material) and S12 (PS foam), it can be 

seen that the material surface in Fig. 2 a, Fig. 2 b, Fig. 2 c, Fig. 2 e, Fig. 2 h 

and Fig. 2 l is attached to a relatively obvious spherical structure, which 

indicates that the material agglomeration phenomenon is obvious to a 

certain extent. it can be seen that there are obvious cracks and cracks 

on the material surface in Fig. 2 c, Fig. 2 d, Fig. 2 e, Fig. 2 f, Fig. 2 g and 

Fig. 2 i , which, to a certain extent, indicate the obvious agglomeration 

of the material, that was, to a certain extent, it indicates the occurrence 

of over-cross linking. Of course, the crosslinking effect of the composite 

fire-retardant materials obtained by the experimental S1 –S11 was dif- 

ferent. The "rough" degree of the surface of the material was different, 

which means that the pore size of the porous structure is different, and 

the specific surface area is different. However, the surface of the com- 

posite fire-retardant material was much rougher than that of the waste 

PS foam, and the experimental phenomenon of the increase of specific 

surface area caused by cross-linking can be seen obviously. Furthermore, 

the SEM diagram of the composite fire-retardant material made by S1 –

S5 showed that when the amount of FDA and PS is fixed, the amount 

of catalyst has no obvious effect on the microstructure and structure of 

the final fire-retardant material, but only on the formation rate of the 

material. After discussing the amount of catalyst, it can be seen that the 

amount of FDA has no effect on the structure of the composite flame re- 

tardant material, but only affects the forming rate of the material. From 

the SEM diagram of the composite fire-retardant material made by S1 

and S6 –S9 , it can be concluded that when the amount of PS and FeCl 3 is 

fixed, the amount of FDA directly affects the pore shape of the material 

surface. In the SEM diagram, it can be seen that with the increase of the 

proportion of FDA, the fire-retardant material is gradually granulated. 

This is due to the fact that in a relatively small reaction container, the 

increase of FDA improves the chance of contact between PS and FDA, 

and the probability of hyper-crosslinking reaction between PS and FDA 

increases, which makes the cross-linking reaction more complete and 

leads to the increase of materials with small particles. At the same time, 

it can also be seen that with the decrease of the amount of FDA, the 

pore diameter of fire-retardant material decreases, and the specific sur- 

face area decreases; on the contrary, the cross-linking effect is better 

with the increase of FDA. Finally, the SEM diagrams of the composite 
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Fig. 2. SEM characterization test of fire-retardant materials & PS plastics. (a) 

S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, (g) S7, (h) S8, (i) S9, (j) S10, (k) S11, (l) 

S12. 

Fig. 3. FT-IR Characterization Test for fire-retardant materials. 

fire-retardant materials prepared by S1, S10 and S11 showed that when 

the amount of FeCl 3 and FDA is fixed, and the amount of PS increases 

or decreases, there is no obvious change in the micro-morphology of the 

final materials, but only affects the number of cross-linked products. 

3.3. FT-IR characterization of composite fire- retardant material 

In addition to SEM image analysis, some other representations were 

tested. As shown in Fig. 3 , it can be seen from the FT-IR diagram that 

the composite fire-retardant material had several characteristic absorp- 

tion peaks and the curves were similar. The infrared imaged curve 

of S1 –S11 (fire-retardant material) contained the following absorption 

peaks: the characteristic absorption peaks located at 3393.21 cm 

− 1 , 

3220.35 cm 

− 1 , 2921.41 cm 

− 1 , 2853.19 cm 

− 1 , 1642.34 cm 

− 1 , 1449.78 

cm 

− 1 and 880.26 cm 

− 1 are respectively caused by the stretching vibra- 

tion of intermolecular hydrogen bond (O 

–H), the stretching vibration 

of unsaturated hydrocarbon bond (C 

–H), the stretching vibration of sat- 

urated hydrocarbon bond (C 

–H), the symmetrical stretching vibration 

of C 

–H, the skeleton vibration of benzene ring, the in-plane bending vi- 

bration of –CH and the out-of-plane bending vibration of benzene ring 

C 

–H. The above covered all the characteristic peaks of composite fire- 

retardant materials. It was worth mentioning that it can be seen from 

Fig. 3 that with the change of the amount of FeCl 3 , FDA and PS, the char- 

acteristic peaks of each composite fire-retardant material did not change 

significantly, which indicated that different amounts of FeCl 3 , FDA and 

PS have no effect on the chemical composition of the final product, and 

there is no side reaction. By comparing the FT-IR image of composite 

fire-retardant materials and waste PS foam, it can be seen that chem- 

ical reactions have taken place in S1 –S11 materials, and new chemi- 

cals are formed. And the positions of characteristic absorption peaks in 

these experimental groups were basically the same, and the number of 

characteristic peaks was basically the same, which represented that the 

chemical properties of the materials were similar. This also indirectly 

proved that the preparation process of composite fire-retardant materi- 

als is reasonable and effective. 

3.4. XRD characterization of composite fire- retardant material 

As shown in Fig. 4 , it can be seen from the XRD image that the diffrac- 

tion peaks of PS foam of composite fire-retardant materials S1 –S11 and 

S12 were very different. Moreover, the peak value of the composite 

fire-retardant material showed that the formation of the composite fire- 

retardant material is complex, and the structure is also complex, so it 

was impossible to determine the specific products. It was found that the 
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Fig. 4. XRD patterns of the fire-retardant materials. 

Fig. 5. TGA curves of fire-retardant materials. 

diffraction peaks of the materials are basically the same, which proves 

that the cross-linking reactions have been carried out, and the small 

difference is due to the different preparation process. 

3.5. Thermal stability characterization of composite fire- retardant material 

As can be seen from the TGA curves of fire-retardant materials in 

Fig. 5 and the micro-entropy TGA curves of fire-retardant materials in 

Fig. 6 , the thermal stability of fire-retardant materials (S1-S11) prepared 

by FeCl 3 , FDA and PS with different dosage is basically similar with- 

out significant difference. However, compared with PS foam (S12), the 

thermal stability of the S12 is significantly different from that of other 

fire-retardant materials. The TGA curves of fire-retardant materials in 

Fig. 5 showed that the mass change of the prepared composite fire- 

retardant materials S1 –S11 was about 50% in the temperature range 

of 30 °C to 650 °C. The micro-entropy TGA curves of fire-retardant ma- 

terials showed that the mass change rate of the fire-retardant materials 

S1-S11 is always in a small value in the temperature range of 30 °C to 

650 °C, indicating that the fire-retardant materials have good thermal 

stability in the temperature range of 30 °C to 650 °C. It can be seen from 

Figs. 5 and 6 that the materials S1-S11 had obvious mass loss between 

100 °C and 160 °C, this was because the material is porous and adsorp- 

tive; when the material was heated above 100 °C, the absorbed water or 

Fig. 6. Micro-entropy TGA curves of fire-retardant material. 

Fig. 7. Schematic illustration of scale-up experiments. 

solvent evaporated or decomposed, resulting in a decrease in mass. On 

the other hand, the TGA curve in Fig. 5 and micro-entropy TGA curve 

in Fig. 6 of S12 decreased sharply at 410 °C, and the values were large, 

indicating that the thermal stability of S12 is very poor. 

3.6. Large-scale experiment 

After determining the structure, the flame retardancy and thermal 

insulation properties of the prepared materials were studied. Before test- 

ing the flame retardancy and thermal insulation, the preparation process 

of the basic group S1 of the material was enlarged by 10 times and 20 

times in order to verify whether a large number of materials can be 

produced by this experimental method. The experimental results are as 

follows. 

As shown in Fig. 7 , fire-retardant materials can be prepared by mag- 

nification experiments of 10 and 20 times. The difference in color was 

due to the degree of grinding and the length of placement time, which 

proved that the magnification experiment is feasible. Therefore, the ap- 

plication to the actual large-scale production can be based on this result. 
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Fig. 8. (a) Flame-retardant test results for PS plastics; (b) flame-retardant test results for fire-retardant materials. 

Fig. 9. (a) fire insulation test results for PS plastic; (b) fire insulation test results for fire-retardant material. 

4. Fire performance testing of fire-resistant materials based on 

waste polystyrene plastics 

In the test of the flame-retardant property of the prepared compos- 

ite flame-retardant material, the raw material PS and the basic control 

group S1 were selected as the test objects, and the flame-retardant ef- 

fect before and after modification was compared by the method of direct 

heating by alcohol lamp. 

In the time process of flame-retardant test of PS plastic, from Fig. 8 a 

it can be seen that PS plastic melted and burned rapidly in the pe- 

riod of 0–15 s, and we can directly understand that PS foam is very 

easy to burn, besides the burning speed is very fast, so the flame re- 

tardancy is very poor. From the flame-retardant test process ( Fig. 8 b) 

of the prepared composite fire-retardant materials, it can be seen that 

there were no obvious signs of melting or burning of the composite fire- 

retardant materials in the period of 0–50 s. Through the comparative 

experiments, we can clearly see that the flame-retardant performance 

of the prepared composite fire-retardant materials is good, the method 

of recycling waste PS plastics in this experiment is feasible, and the ex- 

perimental results are in line with the expectations. 

Finally, after testing the flame-retardant performance of the compos- 

ite fire-retardant material, the fire insulation performance of the mate- 

rial was tested. The waste polystyrene foam and the prepared compos- 

ite fire-retardant material were respectively clamped with tweezers and 

hung above the alcohol lamp to heat. At the same time, an infrared 

thermal imager was used to take pictures of the material, and the high- 

definition infrared temperature images of the material at different time 

periods were recorded. The experimental results were as follows 

From the fire insulation test results of PS plastic in Fig. 9 a, it can 

be seen that the temperature of the whole material rose very fast when 

PS plastic was heated by alcohol lamp. In the time process of 5 –15 s, 

the overall temperature of PS foam was relatively uniform, so it can be 

concluded that the fire insulation performance of waste PS foam is very 

poor, and the heat can be transferred from one end of the material to 

the other in a very short time. From the fire insulation test results of the 

composite fire-retardant material in Fig. 9 b, it can be seen that at 5 s, 

temperature in the bottom of the material rose to 290.4 °C (turquoise, 

higher temperature). The middle and top of the material was still pur- 

ple (lower temperature), and at 10 s, the bottom temperature rose to 

299.6 °C. The middle and top of the material remain purple. In the pe- 
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riod of 20–30 s, the material still maintained a higher temperature at 

the bottom (blue, green and yellow) and a low temperature correspond- 

ing to purple in the middle and top. The above phenomena showed that 

the fire insulation performance of the prepared composite fire-retardant 

materials has been greatly improved after modification, and the fire in- 

sulation performance is better, which can delay the rapid heat transfer 

in a certain period of time. 

5.Conclusion 

In this work, we have adopted a simple method to synthesize a se- 

ries of composite fire-retardant materials under different preparation 

processes using FDA as cross-linking agent, PS as monomer and DCE as 

solvent with the catalysis of anhydrous FeCl 3 . The structural character- 

ization results of the materials were compared and analysed, and the 

role and influence of FDA, FeCl 3 and PS in the reaction were obtained. 

At the same time, through the comparison of the fire-retardant perfor- 

mance of the composite fire-retardant material and the waste PS foam, 

we found that the flame retardancy and fire insulation performance of 

the composite fire-retardant material are significantly higher than that 

of the raw material waste PS foam. In addition, we also carried out scale- 

up experiments to find that the composite fire-retardant material can be 

used in large-scale production, which fully proved the feasibility of our 

PS reuse strategy. 
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a b s t r a c t 

To solve the problem energy deficit encountered in developing countries, Hybrid Renewable Energy System 

(HRES) appears to be a very good solution. The paper presents the optimal design of a hybrid renewable energy 

system considering the technical i.e Loss of Power Supply Probability (LPSP), economic i.e Cost of Electricity 

(COE) and Net Present Cost (NPC) and environmental i.e Total Greenhouse gases emission (TGE) aspects using 

Particle Swarm Optimization (PSO), hybrid Particle Swarm Optimization-Grey Wolf Optimization (PSOGWO), 

hybrid Grey-Wolf Optimization-Cuckoo Search (GWOCS) and Sine-Cosine Algorithm (SCA) for a Community 

multimedia center in MAKENENE, Cameroon; where inhabitants have to spend at times 3 to 4 days of blackout. 

Seven configurations (Scenarios) of hybrid energy systems including PV, WT, Battery and Diesel generator are 

analyzed considering an average daily energy load of 50.22 kWh with a peak load of 5.6 kW. Four values of the 

derating factor i.e 0.6, 0.7, 0.8 and 0.9 are used in this analysis and the best value is 0.9. Scenario 3 with LPSP, 

COE, NPC, TGE and RF of 0.003%, 0.15913 $/kWh, 46953.0485 $, 2.3406 kg/year and 99.8 % respectively 

when using GWOCS is found to be the most appropriate for the Community multimedia center. The optimal 

Scenario is obtained for a system comprising of 18 kW of 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 corresponding to 69 solar panels, 3 days of AD 

corresponding to a total battery capacity of 241 kWh and 1 of 𝑁 𝑑𝑔 . 

1. Introduction 

The access to a cheap, clean and reliable electricity is a major con- 

cern worldwide. Therefore, then it is necessary to integrate renewable 

energy sources in the production of such electricity [1] . Solar and wind 

energy are intermittent in nature because they both depend on weather 

conditions. Hence it is indispensable to design of a Hybrid Renewable 

Energy System (HRES). For the past decades, many researchers have 

worked on this system using a Diesel generator as a back-up especially 

for the case of an off-grid HRES; trying to look for an optimal configura- 

tion that will simultaneously be economical, reliable and environmen- 

tally less harmful. This is why many benchmarked and commercial soft- 

ware packages such as HOMER, RETScreen, Hybrid2, TRNSYS, RAPSIM, 

and INSEL have been developed and are successfully used in the optimal 

sizing of HRES. The Hybrid Optimization Model for Electric Renewable 

(HOMER) developed by the National Renewable Energy Laboratory has 

proven to be one of the most important among the software [2] . 

✩ The authors declare that they have no conflict of interest. 
∗ Corresponding author at: Environmental Energy Technologies Laboratory (EETL), Department of Physics, University of Yaounde I, P.O Box 812 Yaounde, 

Cameroon. 

E-mail address: tkfarmel@yahoo.fr (T.K. Franck Armel). 

Shezan et al. [3] analyze the performance of an off-grid pv-wind- 

diesel-battery hybrid energy system for a remote area named “KLIA Sep- 

ang station ” located in the state of Selangor, Malaysia [3] . The system 

was designed and simulated to support a small community considering 

an average load demand of 33 kWh/day with a peak load of 3.9 kW. 

The simulation and optimization of operations of the system was done 

by HOMER software using the real time field data of solar radiation and 

wind speed of that area. The result showed that NPC and CO2 emis- 

sion can be reduced about 29.65% and 16 tons per year respectively 

compared to the conventional power plants. The NPC of the optimized 

system has been found about USD 288,194.00 having a per unit Cost of 

Energy (COE) about USD 1.877 27 /kWh. 

Shezan investigated for a comprehensive off-grid photovoltaic (PV)–

diesel–battery hybrid alternative energy system using HOMER and 

PVSYST [4] . From the simulation and optimization results, it was ob- 

served that 38 kW hr/day load demand combined with 5-kW peak load 

for 37 family units for an ecotourism areas of Malaysia can be fulfilled. 

It was also observed from the optimization outcomes that the proposed 

hybrid renewable energy system (HRES) was the most economically fea- 
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Nomenclature 

𝛼𝐶𝑂2 emission factor of Carbon dioxide (g/kWh) 

𝛼𝑆𝑂2 emission factor of Sulphur dioxide (g/kWh) 

𝛼𝑁𝑂𝑥 emission factor of Oxide of Nitrogen (g/kWh) 

𝐴 𝑔 and 𝐵 𝑔 coefficient of fuel consumption (l/kW) 

𝐴𝐷 number of days of autonomy 

C capital cost ($) 

𝐶 𝑃𝑉 PV price per kW ($/kW) 

𝐶 𝑊 𝑇 WT price per kW ($/kW) 

𝐶 𝐵 battery capacity (kWh) 

𝐶 𝐵𝐴𝑇 battery bank price per kWh ($/kWh) 

𝐶 𝑖𝑛𝑣 inverter price per kW ($/kW) 

𝐶 𝐷𝐺 diesel generator price per kW ($/kW) 

CRF Cost Recovery Factor 

𝐶 𝑅𝐶 capacity of the replacement units 

𝐶 𝑈 cost of replacement units 

𝐶 𝑂 2 carbon dioxide 

COE Cost of Electricity ($/kWh) 

𝐷 𝐺 ℎ total operation hours of the DG 

𝐷 𝑂𝐷 battery’s depth of discharge (%) 

𝐸 𝐿 daily average load energy 

𝑓 𝑣 derating factor 

𝐹 𝐶 𝑑𝑔 fuel cost for the diesel 

𝐺 𝑟𝑒𝑓 solar radiation at reference conditions (W/m 

2 ) 

𝐺 solar radiation (W/m 

2 ) 

HOMER Hybrid Optimization Model for Electric Renewable 

HRES Hybrid Renewable Energy System 

HMGS Hybrid Micro-Grid System 

ℎ 2 hub height (m) 

ℎ 1 reference height (m) 

𝑖 inflation rate (%) 

INSEL Integrated Simulation Environment Language 

𝐾 𝑇 temperature coefficient of the maximum power 

LPSP Loss of Power Supply Probability (%) 

𝜂𝑖𝑛𝑣 inverter’s efficiency 

𝜂𝑏𝑎𝑡 battery’s efficiency 

𝑁 𝑤 number of wind turbines 

𝑁 𝑑𝑔 number of Diesel generator 

NPC Net Present Cost ($) 

𝑁 𝑟𝑒𝑝 number of units replacements 

𝑁 𝑂 𝑥 . Oxide of Nitrogen 

OM operation & Maintenance cost ($) 

𝑃 𝑑𝑔− 𝑜𝑢𝑡 diesel generator output power (kW) 

𝑃 𝑑𝑔 diesel generator rated power (kW) 

𝑃 𝑝𝑣 − 𝑜𝑢𝑡 output power from the PV system (kW) 

𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 rated power (kW) 

𝑃 𝑟 rated power of the turbine (kW) 

𝑃 𝑓 fuel price per liter ($/L) 

𝑃 𝑙𝑜𝑎𝑑 hourly power consumption (kW) 

𝑃 𝑅𝐸 sum of PV and wind powers (kW) 

PV photovoltaic 

PVSYST Photovoltaic System 

R replacement costs ($) 

RF renewable fraction (%) 

𝑟 interest rate 

RAPSIM Renewable Alternative Powersystems Simulation 

SOC State Of Charge (%) 

𝑆 𝑂 2 sulphur dioxide 

𝑇 𝑟𝑒𝑓 cell temperature at reference conditions (°C) 

𝑇 𝑐 cell temperature (°C) 

𝑇 𝑎𝑚𝑏 ambient temperature (°C) 

𝑇 project lifetime 

TGE Total Greenhouse gases emission (kg) 

TRNSYS Transient System Simulation 

𝑣 2 wind speed at hub height (m/s) 

𝑣 1 wind speed at the reference height (m/s) 

𝑣 hourly wind speed (m/s) 

𝑣 𝑐𝑖 cut-in wind speed (m/s) 

𝑣 𝑟 rated wind speed (m/s) 

𝑣 𝑐𝑜 cut-out wind speed (m/s) 

WT wind turbine 

𝑋 

𝑡 +1 
𝑖,𝑆𝐶𝐴 

current positions in SCA 

𝑋 

𝑡 
𝑖,𝑆𝐶𝐴 

previous positions in SCA 

⃖⃖⃖⃖⃖⃗𝑋 𝑃 prey’s position vector in PSOGWO 

�⃗� grey wolf’s position vector in PSOGWO 

sible energy system and the COE neared USD 0.895/kWh and NPC was 

USD 158,206. The authors equally noticed that HOMER gave good re- 

sults as compared to PVSYST. 

DiOrio et al. developed an open-source model to optimize energy 

storage operation for photovoltaic- (PV-) plus-battery systems with AC- 

coupled and DC-coupled configurations [5] . The model allowed for ex- 

ploration of different configurations, including capital costs, inverter 

performance, dispatch flexibility, and capturing otherwise clipped en- 

ergy for the DC-coupled system. The results showed that at current esti- 

mated prices for lithium-ion battery systems, large-scale PV-plus-battery 

plants are economically viable under the right conditions, with the con- 

figuration playing a role in system flexibility and performance. The 

model provides the ability for project developers, industry profession- 

als, and researchers to use readily available software to quickly evaluate 

and design these systems. 

Nurunnabi et al. used a specialized neural network algorithm and 

HOMER to study the feasibility and make a sensitivity analysis on 

four different types of models including PV-Grid, Wind-Grid, Wind- 

PV-Grid, and off-grid hybrid renewables to provide low-cost electricity 

in five rural areas of Bangladesh [6] . The authors considered factors 

like net present cost, cost of energy, renewable fraction, local load de- 

mand, availability of renewable energy resources, system economics and 

greenhouse gas emissions, the optimal hybrid renewable energy system 

(HRES) configurations (Wind/PV/Grid/Battery) for the mentioned ar- 

eas are determined. The results showed that output results were more 

sensitive on the variations in long-term average wind speed and solar 

irradiance, nominal discount rate, and the lifetime of wind turbines than 

the other inputs. 

Jeong et al. [7] evaluated the economic and global-warming po- 

tential for a 100% biomass direct fire biopower plant in Indiana using 

short-rotation coppice poplar ( Populus spp.) as a feedstock. They applied 

Monte-Carlo simulation to account for uncertainty in three parameters 

(poplar yield, moisture content, and planting costs). They found that the 

biopower plant is economically infeasible in Indiana, as the estimated 

system break-even price (21.5 cents/kWh) is six times higher than the 

current wholesale electricity price in Indiana. Based on the LCA analysis, 

they found that this pathway has negative net emissions (-1.14 kg CO2 

eq/kWh), due to carbon sequestration. As a coal-intensive power gener- 

ating state, Indiana would require a carbon tax above $93.5/ton CO2- 

equivalent to make the biopower plant competitive with other types of 

power plants (coal and natural gas). This analysis was based on average- 

quality land. They then conducted a sensitivity analysis using poor- and 

high-quality land. There are small, statistically significant differences 

between land types, but likely they are not economically significant be- 

cause the data they have for the three land rents are subject to high 

uncertainty, which could not be quantified. 

Nsafon et al. [8] presented a hybrid Multi-Criteria Decision-Making 

(MCDM) method consisting of Analytic Hierarchy Process (AHP) and 

VI š ekriterijumsko KOmpromisno Rangiranje (VIKOR) with the Plan-Do- 

Check-Act (PDCA) cycle to compare six Hybrid Renewable Energy Sys- 

tem (HRES) with each other and off-grid DG for selecting the best alter- 
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native in the rural region of Cameroon. The results revealed that hybrid 

hydro/wind/PV was the best. 

Another approach to solve a HRES optimization problem consist of 

using heuristic algorithms based on artificial intelligence and this has 

proven to be a powerful optimization tools in resolving complex opti- 

mization problems. Some of these algorithm include Genetic Algorithm 

(GA), Firefly Algorithm (FFA), Whale Optimization Algorithm (WOA), 

Particle Swarm Optimization (PSO), Cuckoo Search (CS), Sine-Cosine 

Algorithm (SCA), Imperialistic Comparative Algorithm (ICA), Biogeog- 

raphy Based Optimization (BBO), Teaching Learning Based Optimiza- 

tion (TLBO), and Grey Wolf Optimization (GWO). We also have hy- 

brid methods such as Genetic Algorithm- Particle Swarm Optimiza- 

tion (GAPSO), Particle Swarm Optimization-Grey Wolf Optimization 

(PSOGWO), Grey Wolf Optimization-Cuckoo Search (GWOCS), Particle 

Swarm Optimization-Gravitational Search Algorithm (PSOGSA). Among 

these, PSO, GWO and TLBO are recognized as very promising algorithms 

because they are simple to implement, have high efficiency and fast con- 

vergence [9] . Kharrich et al. [10] used PSO to minimize and compare 

the NPC of a micro-grid system which was composed of PV, wind tur- 

bine, diesel generator and battery in two towns of two different countries 

(Iraq and Morocco) using LPSP and Renewable Fraction as constraints. 

To optimize the COE of a standalone HRES composed of wind turbines, 

PV, tidal turbines and battery bank, Mohamed et al. used PSO on various 

scenarios considering the State Of Charge (SOC) of the energy storage 

system, high reliability, and planning expansion for the future develop- 

ment as constraints and noticed an optimal solution at a time rate better 

than 80% of conventional technology and in less than 20 iterations [11] . 

Similarly, Maleki et al. [12] minimized the cost of a grid-connected hy- 

brid system for residential application, incorporating a solar-wind-fuel 

cell combined heat and power system using PSO which was compared to 

GA in terms of accuracy and speed; PSO was the more performant than 

GA. Charfi et al. equally used PSO by to investigate for minimum sys- 

tem cost and minimum pollution for a PV/Battery bank/DG system for 

a typical house in Tunisia considering assumptions on the parameters 

of the PSO [15] . Borhanazad et al. [14] used PSO to optimize a Hybrid 

Micro-Grid System (HMGS) in three stations in Iran based on reliability 

and cost for a number of households. Yusra et al. optimized a hybrid 

renewable energy system consisting of wind turbines, solar cells, micro- 

hydro generator, diesel generator, battery bank, electrolyzer, hydrogen 

tanks and fuel cell using PSO considering net present cost (NPC), cost 

of energy (COE) as objective functions in order to meet equivalent loss 

factor (ELF) index [15] . Mostafa et al. [16] applied four meta-heuristic 

optimization algorithms (WOA, SCA, FFA and CS) to introduce an opti- 

mal multi-criteria design of a grid-connected hybrid power generation 

systems taking into consideration the involvement of a natural gas dis- 

tribution network and they obtained reliable results with SCA. Sudhir 

et al. [17] applied the hybrid PSOGWO to solve the economic load dis- 

patch problem. The PSOGWO was compared with other methods (CS, 

GWO, PSO, Lambda iteration method and Quadratic Programming) and 

it proved to be the most effective for solving such a problem. Eteiba et al. 

[18] conducted a techno-economic study of an off-grid PV/Biomass hy- 

brid system in Monshaet Taher village using various optimization tech- 

niques including the Flower Pollination Algorithm (FPA), the Harmony 

Search (HS) algorithm, the Artificial Bee Colony (ABC) Algorithm and 

the Firefly Algorithm (FA). The simulation results showed that the Fire- 

fly Algorithm has the minimum execution time and best performance 

among the other algorithms, it also showed that the optimal configura- 

tion is obtained for a system comprising of 24 PV panels, 4 biomass 

power systems, and 298 Ni-Fe batteries . Samy et al. [19] proposed 

a multi-objective particle swarm optimization (MOPSO) technique to 

solve the sizing problem for an introduced micro-grid via an economi- 

cal perspective which is the cost of energy (COE). The MOPSO algorithm 

tries to mitigate the COE to the lower values by keeping the loss of power 

supply probability (LPSP) as minimal as possible. A statistical analysis 

was done to study the accuracy of the outcomes of the introduced tech- 

nique. Three indicators were offered i.e process capability indices, the 

normal probability, and the control chart. The optimum system from 

the economic perspective consists of two biomass gensets, 31 fuel cells, 

65 electrolyzers, and 186 H2 tanks with an NPC of $ 2 314 842, COE 

of 0.335 $/kWh at an LPSP of 1.929%. Samy and Barakat [20] carried 

out a model analysis for a hybrid biomass-PV micro-grid to show the 

ability to meet the power demand requirements of a joined irrigation 

and a household demand of a farm fruits in Egypt. This was done using 

PSO, a hybrid Invasive Weed Optimization – Particle Swarm Optimiza- 

tion Algorithm (HIWO/PSO), HS and FPA. The total net present cost 

(TNPC), the loss of power supply probability (LPSP) and the excess en- 

ergy fraction (EEF) have been applied as an exponent to estimate the 

competence of the introduced micro-grid. HIWO/PSO was found to be 

the best among the four optimization techniques. Samy et al. [21] took 

advantage of the available renewable energy resources to address the 

problem of power outages in Hurghada, Egypt. This was done by propos- 

ing connecting the utility to a hybrid system constituting from photo- 

voltaic (PV), wind turbine (WT), and fuel cell (FC) systems where this 

hybrid system is considered as a backup system that works when the 

grid is unavailable. Component scaling was implemented to improve 

the net present cost of the proposed system using two grouped meta- 

heuristic techniques, which are the Hybrid Firefly and Harmony Search 

optimization technique (HFA/HS) and compared to the particle swarm 

optimization (PSO) technique. Simulation results showed that the op- 

timal system for solving the grid unavailability consists of eighty PVs, 

two WTs, twenty FCs, forty-one electrolyzers, and one hundred eighteen 

hydrogen tanks. The results also showed that the volume of exchange 

with the grid has reached 4 GW of purchase and 3 GW of sale and that 

the suggested system is economically viable with an LCOE of 0.0628 

$/kWh, which was less than the purchase of electricity from the grid for 

commercial users in Egypt, which is 0.1 $/kWh. Ahmad et al. [22] made 

a detailed feasibility analysis of a HRES to satisfy the energy demand of 

a building in the University of the Kingdom of Saudi Arabia (KSA) using 

cultural algorithm (CA), JAYA algorithm and PSO. The feasibility analy- 

sis presents technical and economic guises for the HRES which includes 

integrated sources of photovoltaic (PV), wind turbine, fuel cell, and bat- 

teries. It was found that changing the initial cost of the solar PV system 

followed by fuel cells has the greatest effect on both the total NPC of 

the system and the COE while the change in the price of battery banks 

had the least effect. 

Cameroon is a country whose aim is to become an emerging country 

by 2035 and so has to emphasize on the development of its telecom- 

munication and energy sectors which are indispensable for the develop- 

ment of a country. The current electricity grid of Cameroon is made up 

of three main grids which are [23] : the South Interconnected Grid (SIG) 

serving six regions (Centre, Littoral, West, North-West, South-West and 

South), the North Interconnected Grid (NIG) serving the northern part 

of the country (Adamawa, North and Far North) and the East Intercon- 

nected Grid (EIG) for the East region only. Cameroon has a renewable 

energy potential which is as follows [24] : hydroelectricity which is es- 

timated at about 115 GWh/year (of which just 4% is exploited), solar 

potential of 4.5 kWh/m 

2 /day in the South and 5.74 kWh/m 

2 /day in 

the North, biomass electric potential of about 1072 GWh and wind po- 

tential of about 2-4 m/s of wind speed in the Far North region (KAELE 

end Lake Chad) and up to 6.6 m/s on Mount BAMBOUTOS in the West 

region. With all this renewable energy potential, renewable energies oc- 

cupy a very small portion in the energy mix of the country with barely 

0.1% [25] . Consequently, researches in the optimization of renewable 

and hybrid energy systems in Cameroon is very limited. Added to this, 

the very few research works in this domain were done by the used of 

HOMER, no researcher has tried to use heuristic algorithms. 

MAKENENE is a town located in the Centre region of Cameroon that 

is on the SIG whose percentage of connected households gradually de- 

creased from 66.1% in 1976 to 61.9 % in 2012 [23] ; the present status 

of MAKENENE town shows that its resident have to spend at times 3 to 

4 days of blackout. This impacts negatively on the development of the 

town notably in the sector of telecommunication given that the town 
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hosts one the first Community Multimedia Centre constructed in 2006 

to give access to telecommunication facilities to the local population. 

Fig. 8 

The objective of this study is to design and optimize a standalone 

HRES in order to have a reliable, cost effective and less polluting sys- 

tem to meet the power demand of the Community Multimedia Centre 

in MAKENENE. To achieve this, a multi-objective PSO, SCA, PSOGWO 

and GWOCS methods are applied in order to find the minimum LPSP, 

the minimum NPC, the minimum COE and the minimum TGE. 

The use of these four optimization methods is mainly for validation 

purposes and also because these algorithms have shown their best in 

dealing with large-scale search as reaching the global optimum steadily 

and quickly. Also a study of the influence of the derating factor of the 

PV on the cost of electricity is carried out. 

The main contributions are as follows: 

i To the best of the authors’ knowledge, studies on the effect of der- 

ating factors on the COE have not been carried out yet. This work 

tries to look into this. 

ii Also, to the best of authors’ knowledge, the hybrid GWOCS optimiza- 

tion techniques has not yet been implemented in the study of HRES 

in Cameroon. 

iii In Cameroon, most studies carried out on HRES were done using 

HOMER software, the use of meta-heuristic techniques are yet to be 

implemented, thus the use of meta-heuristic techniques (PSO, SCA, 

PSOGWO and GWOCS) in this study. 

The paper is organized in seven sections as follows: Section 1 on 

“Introduction ”, Section 2 on “Hybrid energy system modeling ”, 

Section 3 on “Power Management Strategy ”, Section 4 on “Opti- 

mization ”, Section 5 on “Particle Swarm Optimization algorithm ”, 

Section 6 on “Results and Discussion ” and lastly Section 7 on “Conclu- 

sion ”. 

Tables 4 and 6 

2. Modeling of the hybrid energy system components 

2.1. Modeling of PV 

The power output of the PV system is given by the Eq. (1) [ 14 , 26 ]: 

𝑃 𝑝𝑣 − 𝑜𝑢𝑡 = 𝑓 𝑣 × 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 ×
( 

𝐺 

𝐺 𝑟𝑒𝑓 

) 

×
[
1 + 𝐾 𝑇 

(
𝑇 𝑐 − 𝑇 𝑟𝑒𝑓 

)]
(1) 

Where 𝑓 𝑣 is the derating factor (%) which is a scaling factor applied to 

account for reduced output in real-world operating conditions. Derating 

factor accounts for factors such as wiring losses, dust or snow cover, 

shading and so on. The value of derating factor is generally in the range 

0 . 6 ≤ 𝑓 𝑣 ≤ 0 . 9 [27] . In this study, four values of derating factor (0.6, 0.7, 

0.8 and 0.9) are used in the calculations. The main purpose of doing this 

is to study the effect that various derating factor values can have on the 

cost of electricity. 

𝑃 𝑝𝑣 − 𝑜𝑢𝑡 is the output power from the PV system, 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 is the rated 

power at the reference conditions, 𝐺 is the solar radiation (W/m 

2 ), 𝐺 𝑟𝑒𝑓 

is the solar radiation at reference conditions (G ref = 1000 W/m 

2 ), 𝑇 𝑟𝑒𝑓 
is the cell temperature at reference conditions (T ref = 25°C), 𝐾 𝑇 is the 

temperature coefficient of the maximum power ( 𝐾 𝑇 = −3 . 7 × 10 −3 ∕ ◦𝐶 ) 
and 𝑇 𝑐 is the cell temperature which is determined by the Eq. (2) : 

𝑇 𝑐 = 𝑇 𝑎𝑚𝑏 + ( 0 . 0256 × 𝐺 ) (2) 

Where 𝑇 𝑎𝑚𝑏 is the ambient temperature. Table 1 shows the cost and 

technical specifications of PV. 

2.2. Modeling of wind turbine 

Wind speed is known to vary with height, the measured wind speed 

can be converted to desired hub heights. The power equation is calcu- 

Table 1 

PV cost and technical specifications [28] . 

Type Renesola 260W Virtus II 

Temperature coefficient of power -0.04%/°C 

PV initial cost 1800 $/kW 

Annual operation & maintenance cost 0.01 ∗ initial cost $/ year 

Rated power 260 W 

PV nominal temperature 45°C 

Maximum Power Current 8.55 A 

Maximum Power Voltage 30.4 V 

Cell Type 156 mm × 156 mm 
efficiency 16.5 % 

PV system lifetime 20 years 

Table 2 

Wind turbine cost and technical specifications [31] . 

Type Aeolos-H 

Wind initial cost 2000 $/unit 

Annual operation & maintenance cost 0.01 ∗ initial cost $/ year 

Rated power 1 kW 

Cut-in wind speed 2.5 m/s 

Rated wind speed, Cut-out wind speed 10 m/s, 25 m/s 

Wind system lifetime 20 years 

Efficiency 96 % at 10 m 

Weight 60 kg 

Table 3 

Battery cost and technical specifications [32] . 

Type OPZS-Hawker TLS3 

Size 360 Ah 

Battery initial cost 280 $/kWh 

Annual operation & maintenance cost 0.03 ∗ initial cost $/kWh/year 

Depth of discharge 80 % 

Battery efficiency 85 % 

Minimum charge of the battery 20 % 

Battery system lifetime 10 years 

lated by the following correlation [14] : 

𝑣 2 
𝑣 1 

= 

( 

ℎ 2 
ℎ 1 

) 𝛼

(3) 

Where 𝑣 2 is the wind speed at the hub height ℎ 2 (70 m in this work), 𝑣 1 is 

the wind speed at the reference height ℎ 1 (10 m in this work) and 𝛼 is the 

coefficient of friction (Hellman exponent, wind gradient or power-law 

exponent) with value equal to 0.25 for this work [29] . Table 2 shows 

the cost and technical specifications of the WT. 

The power output of wind turbine can be calculated using 

Eq. (4) [ 14 , 26 , 30 ]: 

𝑃 𝑤𝑖𝑛𝑑 = 𝑁 𝑤 

⎧ ⎪ ⎨ ⎪ ⎩ 
0 , ||𝑣 ≤ 𝑣 𝑐𝑖 , 𝑣 ≥ 𝑣 𝑐𝑜 

𝑣 3 
( 

𝑃 𝑟 

𝑣 3 𝑟 − 𝑣 3 𝑐𝑖 

) 

− 𝑃 𝑟 

( 

𝑣 3 
𝑐𝑖 

𝑣 3 𝑟 − 𝑣 3 𝑐𝑖 

) 

, 𝑣 𝑐𝑖 < 𝑣 < 𝑣 𝑟 

𝑃 𝑟 , 𝑣 𝑟 < 𝑣 < 𝑣 𝑐𝑜 

(4) 

2.3. Modeling of battery 

When the load cannot be satisfied by the solar and the wind, the 

battery bank used as a storage system may be needed to avoid a pro- 

long use of the diesel generator. The storage capacity depends on the 

state of charge (SOC) of the battery. Battery’s cost and technical speci- 

fications are shown in Table 3 . The battery storage capacity is given by 

Eq. (5) [ 11 , 26 ]: 

𝐶 𝐵 = 

(
𝐸 𝐿 × 𝐴𝐷 

)
𝜂𝑖𝑛𝑣 × 𝜂𝑏𝑎𝑡 ×𝐷𝑂𝐷 

(5) 
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Table 4 

Inverter cost and technical specifications 

[33] . 

Type Generic 1200CH 

Size 1200 VA 

Cost ($) 2000 

Replacement cost ($) 2000 

Maintenance cost ($) 200/year 

Efficiency (%) 92 

Table 5 

DG parameters [ 24 , 34 ]. 

Type JLT 5000S 

Diesel generator initial cost 1000 $/kW 

Annual operation & maintenance cost 0.008 $/kWh 

Rated power 4 kW 

Replacement cost 1000 $/kW 

Fuel cost 1 $/liter 

Voltage 220 V 

Diesel generator lifetime 25000 hours 

Table 6 

Emission factors. 

𝐶 𝑂 2 𝑆 𝑂 2 𝑁 𝑂 𝑥 

Emission rate (g/kWh) 697 0.5 0.22 

2.4. Modeling of inverter 

The main function of the inverter is to convert DC power from PV and 

the battery bank into AC power to meet the load demand. The inverter 

is sized based on peak load demand. The inverter input power ( 𝑃 𝑖𝑛𝑣 ) is 

given by Eq. (6) [18] : 

𝑃 𝑖𝑛𝑣 = 

𝑃 𝑙𝑜𝑎𝑑 
𝜂𝑖𝑛𝑣 

(6) 

2.5. Modeling of diesel generator 

The diesel generator’s performance is usually characterized by its 

efficiency, the fuel consumption and the type of fuel used. The fuel con- 

sumption is evaluated using Eq. (7) which is the linear model of a DG 

set hourly fuel consumption [10] : 

𝐹 𝑑𝑔 = 𝐵 𝑔 𝑃 𝑑𝑔 + 𝐴 𝑔 𝑃 𝑑𝑔− 𝑜𝑢𝑡 (7) 

Where 𝑃 𝑑𝑔− 𝑜𝑢𝑡 is the output power, 𝑃 𝑑𝑔 is the rated power, 𝐴 𝑔 and 𝐵 𝑔 are 

constants representing the coefficient of fuel consumption which ap- 

proximately the values 0.246179 l/kW and 0.08415 l/kW respectively. 

Table 5 presents the parameters of DG. 

2.6. Load profile 

MAKENENE is a town in the MBAM & INOUBOU division in the Cen- 

ter region of Cameroon. With a yearly population growth rate of 2.8%, 

the population of MAKENENE was estimated to be 20201 inhabitants in 

2015 [35] . Though more than 90% of the households are connected to 

the main grid, the inhabitants of MAKENENE suffer blackout which can 

last for 3 to 4 days at times. The community multimedia center is an 

opportunity for farmers to sell their crops online, given that agriculture 

is the main economic activity in the town. Therefore it is indispensable 

to have a multimedia center with a permanent power supply; thus the 

option of an off-grid HRES. The choice of the optimal HRES is done ran- 

domly; where the necessity of carrying out a comparative study between 

the various configurations and the various optimization methods. 

The Community Multimedia center of MAKENENE is located on Lat- 

itude: 4°52’36,3 ”N, Longitude:10°48’49,6’’E and at an altitude of 700 

m. It is some 198 km away from YAOUNDE on the National Road Num- 

ber 4. The multimedia center consists of electrical appliances such as 

desktop computers, printers, scanners, fixed phones, TV and light bulbs. 

Fig. 1 shows how these electric load can be connected to power source. 

The daily energy load is approximately 50.22 kWh. The load profile for 

the multimedia center is worked on hourly basis. Fig. 2 shows this load 

profile; the average load is 2.32 kW and the peak load of the day is 5.6 

kW. 

3. Power management strategy 

The intermittent nature of renewable resources usually makes the 

power management strategy very complex. This strategy includes many 

scenarios which are briefly described below: 

• Case 1: The battery will charge when the load is satisfied by all 

renewable energies. 
• Case 2: The load will be satisfied by the battery when renewable 

energies are not able to meet the load. 
• Case 3: The diesel generator will be used to supply the load when 

renewable energies and battery bank are not able to satisfy the load. 

4. Optimization 

In this study we are going to minimize the Loss of Power Supply 

Probability (LPSP), the Net Present Cost (NPC), the Cost of Electricity 

(COE) and the total greenhouse gases emitted (TGE) and these are all 

known as the objectives functions. We are also going to consider four de- 

cision variables; which are: the rated power of the PV system ( 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 ), 

the number of wind turbines ( 𝑁 𝑤 ), the days of autonomy of the battery 

bank ( 𝐴𝐷) and the number of DG ( 𝑁 𝑑𝑔 ). 

4.1. Economic optimization model 

The NPC of the system is a very important element in the system 

design and it is taken over the project’s lifetime. It includes the sum of 

the capital (C), operation & maintenance (OM), replacement (R) costs 

for each component, plus the fuel cost for the diesel ( 𝐹 𝐶 𝑑𝑔 ) [11] . To 

improve the accuracy of the economic calculations there are important 

parameters since the rate of interest, the inflation rate and escalation 

rate. The NPC is calculated as follows [10] : 

𝑚𝑖 𝑛 𝑥 𝑁𝑃 𝐶 = 𝑚𝑖 𝑛 𝑥 
(
𝐶 + 𝑂𝑀 + 𝑅 + 𝐹 𝐶 𝑑𝑔 

)
(8) 

where, x is a four-dimensional vector consisting of the decision vari- 

ables)the rated power of the PV system ( 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 ), the number of wind 

turbines ( 𝑁 𝑤 ), the days of autonomy of the battery bank ( 𝐴𝐷) and the 

number of DG ( 𝑁 𝑑𝑔 )). 

𝐶 = 𝑃 𝑉 𝑝 × 𝐶 𝑃𝑉 + 𝑊 𝑇 𝑝 × 𝐶 𝑊 𝑇 ×𝑁 𝑊 𝑇 + 𝐶 𝐵 × 𝐶 𝐵𝐴𝑇 + 𝐶 𝑖𝑛𝑣 + 𝐷 𝐺 𝑃 × 𝐶 𝐷𝐺 
(9) 

where, is 𝐶 𝑃𝑉 the PV price per kW ($/kW), 𝑃 𝑉 𝑝 is the rated power of 

the PV system (kW), 𝐶 𝑊 𝑇 is the WT price per kW ($/kW), 𝐶 𝐵 is the bat- 

tery capacity (kWh), 𝐶 𝐵𝐴𝑇 is the battery bank price per kWh ($/kWh), 

𝐶 𝑖𝑛𝑣 is the inverter price per kW ($/kW), and 𝐶 𝐷𝐺 is the DG price per 

kW ($/kW). OM is the operation and maintenance cost of the HRES 

segments and can be resolved using the accompanying Eq. (10) : 

𝑂 𝑀 = 𝑂 𝑀 0 

(
1+ 𝑖 
𝑟 − 𝑖 

)(
1 − 

(
1+ 𝑖 
1+ 𝑟 

))𝑇 
𝑟 ≠ 𝑖 

𝑂 𝑀 = 𝑂 𝑀 0 × 𝑇 𝑟 = 𝑖 
(10) 

Where 𝑇 is the project lifetime, 𝑟 𝑎𝑛𝑑 𝑖 are the interest rate and inflation 

rate respectively. In this work we considered 𝑟 𝑎𝑛𝑑 𝑖 to be equal. 

𝑅 = 

𝑁 𝑟𝑒𝑝 ∑
𝑗=1 

⎛ ⎜ ⎜ ⎝ 𝐶 𝑅𝐶 × 𝐶 𝑈 ×
( 1 + 𝑖 

1 + 𝑟 

)𝑇 × 𝑗 ∕ (𝑁 𝑟𝑒𝑝 + 1 
)⎞ ⎟ ⎟ ⎠ (11) 
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Fig. 1. Standalone hybrid renewable energy system [3] . 

Fig. 2. Load Profile. 

𝐶 𝑅𝐶 is the capacity of the replacement units, 𝐶 𝑈 is the cost of replace- 

ment units, and 𝑁 𝑟𝑒𝑝 is the number of units replacements over the project 

lifetime. 

𝐹 𝐶 𝑑𝑔 = 𝐷 𝐺 ℎ × 𝑃 𝑓 × 𝐹 𝑑𝑔 (12) 

Where, 𝐷 𝐺 ℎ is the total operation hours of the DG during T and 𝑃 𝑓 is the 

fuel price per liter ($/L), (fuel price has been considered in this paper 

as 1 $/L). 

The COE is another very important element in the system design 

and it is used as an indicator of economic profitability of the system. It 

is calculated using Eq. (13) [13] : 

𝑚𝑖 𝑛 𝑥 𝐶𝑂𝐸 = 𝑚𝑖 𝑛 𝑥 

( 

𝑁𝑃 𝐶 ∑𝑡 =8760 
𝑡 =1 𝑃 𝑙𝑜𝑎𝑑 

× 𝐶𝑅𝐹 

) 

(13) 

𝑃 𝑙𝑜𝑎𝑑 is the hourly power consumption. CRF is a ratio to calculate the 

present value of the system components for a given time period taking 

into consideration the interest rate [14] . It is calculated by: 

𝐶𝑅𝐹 = 

𝑖 ( 1 + 𝑖 ) 𝑇 

( 1 + 𝑖 ) 𝑇 − 1 
(14) 

Where i is the interest rate and T is the system lifetime, usually equal to 

the life of the PV system. 

4.2. Technical optimization model 

LPSP is defined as the reliability of the system and it represents the 

fraction of the load that is not met. If LPSP is 1, then the load is never 

met while LPSP of zero implies that the load is fully met [ 14 , 36 ]. It is 

calculated using the Eq. (15) : 

𝑚𝑖 𝑛 𝑥 𝐿𝑃 𝑆𝑃 = 𝑚𝑖 𝑛 𝑥 

( ∑(
𝑃 𝑙𝑜𝑎𝑑 − 𝑃 𝑝𝑣 − 𝑜𝑢𝑡 − 𝑃 𝑤𝑖𝑛𝑑 + 𝑃 𝑏𝑎𝑡 − 𝑚𝑖𝑛 + 𝑃 𝑑𝑔− 𝑜𝑢𝑡 

)∑
𝑃 𝑙𝑜𝑎𝑑 

) 

(15) 
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In literature, electricity suppliers aim at LPSP < 0.01% in devel- 

oped countries, however, in rural areas and stand-alone applications, 

LPSP < 1% is acceptable [37] . 

The renewable fraction (RF) is the fraction of the energy received by 

the load that is supplied by the renewable resources, it is the calculated 

using Eq. (16) [14] : 

𝑅𝐹 = 1 − 

∑8760 
𝑡 =1 𝑃 𝑑𝑔− 𝑜𝑢𝑡 ∑8760 
𝑡 =1 𝑃 𝑅𝐸 

(16) 

Where 𝑃 𝑅𝐸 indicates the sum of PV and wind powers. 

4.3. GHG emission optimization model 

The emission of GHG by a hybrid renewable energy system is another 

important aspect to be considered when designing the system. The more 

GHG emitted from the system, the more harmful it will be to the envi- 

ronment and vice versa. In this study, the only component of the system 

responsible for this emission is the DG which mainly emits three gases 

[38] : 𝐶 𝑂 2 , 𝑆 𝑂 2 and 𝑁 𝑂 𝑥 . 

To calculate the Total GHG emission (TGE) of the system, we use 

Eq. (17) : 

𝑚𝑖 𝑛 𝑥 𝑇 𝐺𝐸 = 𝑚𝑖 𝑛 𝑥 

( 8760 ∑
𝑡 =1 

(( 𝛼𝐶𝑂2 + 𝛼𝑆𝑂2 + 𝛼𝑁𝑂𝑥 ) × 𝑃 𝑑𝑔− 𝑜𝑢𝑡 ) 

) 

(17) 

Where 𝛼𝐶𝑂2 , 𝛼𝑆𝑂2 𝑎𝑛𝑑 𝛼𝑁𝑂𝑥 are the emission factor of 𝐶 𝑂 2 , 𝑆 𝑂 2 and 

𝑁 𝑂 𝑥 respectively. 

4.4. Particle swarm optimization algorithm 

PSO is one of the famous optimization techniques. It was first de- 

veloped by Kennedy and Eberhart in 1995 [11] . It was founded based 

on the movement and behavior of birds and fish Invalid source speci- 

fied.. Generally, there are three main steps in the PSO algorithm stated 

as follows [ 14 , 36 ]: 

• Evaluating the fitness of each particle using the objective functions. 
• Update individual and global best fitness and position. 
• Update velocity and position of each particle. 

The best fitness value achieved by each particle is remembered by the 

particle during the algorithm operation. The particle having the best fit- 

ness value compared to other particles is equally calculated and updated 

during iterationsInvalid source specified.. This procedure is repeated till 

the stopping criteria are reached. 

The velocity and the position of the particles are continuously up- 

dated as follows: 

𝑣 𝑖 ( 𝑡 + 1 ) = 𝑤 𝑣 𝑖 ( 𝑡 ) + 𝑐 1 𝑟 1 
(
𝑃 𝑏𝑒𝑠𝑡𝑖 − 𝑥 𝑖 ( 𝑡 ) 

)
+ 𝑐 2 𝑟 2 

(
𝐺 𝑏𝑒𝑠𝑡𝑖 − 𝑥 𝑖 ( 𝑡 ) 

)
(18) 

𝑥 𝑖 ( 𝑡 + 1 ) = 𝑥 𝑖 ( 𝑡 ) + 𝑣 𝑖 ( 𝑡 + 1 ) (19) 

𝑤 = 𝑤 𝑚𝑖𝑛 + 

(
𝑤 𝑚𝑎𝑥 − 𝑤 𝑚𝑖𝑛 

)
× 𝑡 

𝑚𝑎 𝑥 𝑖𝑡𝑒𝑟 
(20) 

Where 𝑟 1 and 𝑟 2 are random real numbers drawn from [0,1], 𝑐 1 and 𝑐 2 
are the cognitive and social parameters respectively; pulling the parti- 

cles towards 𝑃 𝑏𝑒𝑠𝑡𝑖 and 𝐺 𝑏𝑒𝑠𝑡𝑖 which are the personal or individual best 

and global best of each particle respectively. w is the inertia weight 

𝑤 𝑚𝑎𝑥 𝑎𝑛𝑑 𝑤 𝑚𝑖𝑛 are the initial and final inertia weights and 𝑚𝑎 𝑥 𝑖𝑡𝑒𝑟 is the 

maximum number of iterations. 

This technique has evolved over time and in this study we are going 

to use the improved or constricted particle swarm optimization tech- 

nique [38] . The constriction coefficient 𝜒 helps to ameliorate the con- 

vergence of the system [13] . With the introduction of the constriction 

coefficient, the velocity equation becomes: 

𝑣 𝑖 ( 𝑡 + 1 ) = 𝜒𝑣 𝑖 ( 𝑡 ) + 𝑐 1 𝑟 1 
(
𝑃 𝑏𝑒𝑠𝑡𝑖 − 𝑥 𝑖 ( 𝑡 ) 

)
+ 𝑐 2 𝑟 2 

(
𝐺 𝑏𝑒𝑠𝑡𝑖 − 𝑥 𝑖 ( 𝑡 ) 

)
(21) 

𝑐 1 = 𝜒. 𝜑 1 
𝑐 2 = 𝜒. 𝜑 2 
𝜒 = 

2 |𝜑 −2+ 𝑠𝑞𝑟𝑡 ( 𝜑 2 −4×𝜑 ) | (22) 

Where 𝜑 is the contraction coefficient and it is given by: 

𝜑 = 𝜑 1 + 𝜑 2 

With 𝜑 1 = 𝜑 2 = 2 . 05 

4.5. The sine cosine algorithm (SCA) 

This method was developed by Mirjalili in 2016. It is a mathematical 

population-based algorithm depending on the sine and cosine functions 

only [16] . The equations used in updating the position are given below: 

𝑋 

𝑡 +1 
𝑖,𝑆𝐶𝐴 

= 

{ 

𝑋 

𝑡 
𝑖,𝑆𝐶𝐴 

+ 𝑟 1 × sin 
(
𝑟 2 
)
× |||𝑟 3 𝑃 𝑡 𝑖,𝑆𝐶𝐴 − 𝑋 

𝑡 
𝑖,𝑆𝐶𝐴 

||| 𝑖𝑓 𝑟 4 ≤ 0 . 5 
𝑋 

𝑡 
𝑖,𝑆𝐶𝐴 

+ 𝑟 1 × cos 
(
𝑟 2 
)
× |||𝑟 3 𝑃 𝑡 𝑖,𝑆𝐶𝐴 − 𝑋 

𝑡 
𝑖,𝑆𝐶𝐴 

||| 𝑖𝑓 𝑟 4 ≥ 0 . 5 

(23) 

where 𝑟 4 is a random number in [0,1]. 

SCA is controlled by four main parameters which are 𝑟 1 , 𝑟 2 , 𝑟 3 and 𝑟 4 . 

𝑟 1 indicates the area of the next position between the target and the cur- 

rent solution. 𝑟 2 represents the random motion of the solution and its di- 

rection. 𝑟 3 helps to adapt the target solution, so that if its value is greater 

than 1, the solution is emphasized and it is deemphasized if its value is 

less than 1. 𝑟 4 helps to the sine and cosine functions to be switched 

among the algorithm based on its value as shown in Eq. (23) above. 

The cyclic pattern of sine and cosine function allows the solution to be 

re-positioned efficiently to ensure exploitation of the search space. In 

the exploration phase, the solutions should be able to search outside the 

space, and this is made possible by changing the range of the sine and 

cosine functions. Fig. 3 below shows the main steps involved in the SCA 

[16] . 

4.6. Hybrid particle swarm optimization-grey wolf optimization 

(PSOGWO) 

GWO is an optimization method that was developed in 2014 by Mir- 

jalili et al., [39] . Grey wolves follow a very firm social leadership hier- 

archy in a pack. The leaders of the pack are called alpha ( 𝛼). They are 

followed by the beta ( 𝛽), deltas ( 𝛿) and the omega ( 𝜔 ) respectively. The 

main steps involved here are given below: 

4.6.1. Social hierarchy 

In modeling the social hierarchy of the grey wolves, alpha ( 𝛼) is 

considered as the fittest solution. Accordingly, the second best solution 

is named beta ( 𝛽) and third best solution is named delta ( 𝛿) respectively 

[39] . The candidate solutions which are left over are taken as omega 

( 𝜔 ). In the GWO, the optimization (hunting) is guided by alpha, beta, 

and delta [17] . 

4.6.2. Encircling prey 

The encircling behavior can be mathematically modeled as follows 

[40] : 

�⃗� = 

|||𝐶 . ⃖⃖ ⃖⃖⃖⃗𝑋 𝑃 ( 𝑡 ) − �⃗� ( 𝑡 ) ||| (24) 

�⃗� ( 𝑡 + 1 ) = ⃖

⃖⃖⃖⃖⃗𝑋 𝑃 ( 𝑡 ) − ⃖

⃖⃖⃗𝐴. ⃗𝐷 (25) 

Where 𝐴 and 𝐶 are coefficient vectors. The calculation of vectors 𝐴 and 

𝐶 is done as follows: 

𝐴 = 2 . ⃖⃖⃗𝑎. ⃖⃖⃗𝑟 1 − ⃗𝑎 

𝐶 = 2 ⋅ ⃖⃖⃗𝑟 2 
(26) 

Where values of 𝑎 are linearly reduced from 2 to 0 during the course of 

iterations and r1, r2 are random vectors in gap [0, 1]. 
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Fig. 3. The flowchart of SCA. 

4.6.3. Hunting 

The hunt is usually leaded by the alpha, beta and delta, since they 

have better knowledge about the potential location of prey. The other 

search agents must update their positions according to best search 

agent’s position. The update of their agent position can be formulated 

as follows [ 17 , 40 ]: 

⎧ ⎪ ⎨ ⎪ ⎩ 
⃖⃖⃖⃖⃗𝐷 𝛼 = 

|||⃖⃖⃖⃖⃗𝐶 1 . ⃖⃖ ⃖⃖⃗𝑋 𝛼 − �⃗� 

|||
⃖⃖⃖⃖⃗𝐷 𝛽 = 

|||⃖⃖⃖⃖⃗𝐶 2 . ⃖⃖ ⃖⃖⃗𝑋 𝛽 − �⃗� 

|||
⃖⃖⃖⃖⃗𝐷 𝛿 = 

|||⃖⃖⃖⃖⃗𝐶 3 . ⃖⃖ ⃖⃖⃗𝑋 𝛿 − �⃗� 

|||
(27) 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 
⃖⃖⃖⃖⃗𝑋 1 = 

⃖⃖⃖⃖⃗𝑋 𝛼 − ⃖

⃖⃖⃖⃖⃗𝐴 1 . 
(
⃖⃖⃖⃖⃗𝐷 𝛼

)
⃖⃖⃖⃖⃗𝑋 2 = 

⃖⃖⃖⃖⃗𝑋 𝛽 − ⃖

⃖⃖⃖⃖⃗𝐴 2 . 
(
⃖⃖⃖⃖⃗𝐷 𝛽

)
⃖⃖⃖⃖⃗𝑋 3 = ⃖

⃖⃖⃖⃗𝑋 𝛿 − ⃖

⃖⃖⃖⃖⃗𝐴 3 . 
(
⃖⃖⃖⃖⃗𝐷 𝛿

) (28) 

�⃗� ( 𝑡 + 1 ) = 

⃖⃖⃖⃖⃗𝑋 1 + ⃖

⃖⃖⃖⃗𝑋 2 + ⃖

⃖⃖⃖⃗𝑋 3 
3 

(29) 

4.6.4. Search for prey and attacking prey 

𝐴 is a random value in the gap [-2a, 2a]. When |𝐴 |< 1, the wolves are 

forced to attack the prey; when |𝐴 |> 1, the wolves are forced to move 

away from the prey. 

The main steps of the hybrid PSOGWO are given by Fig. 4 below 

[17] : 

4.7. Hybrid grey wolf optimization-cuckoo search (GWOCS) 

CS algorithm was developed by Yang and Deb in 2009Invalid source 

specified.. 

In the GWOCS hybrid method, the positions of the wolves are up- 

dated using the Cuckoo Search’s position update formula as given below 

[41] : 

𝑠𝑡𝑒𝑝𝑠𝑖𝑧𝑒 = 𝑟𝑎𝑛 𝑑 ( 𝑖 ) ( 𝑗 ) × 𝛼 × 𝑆 × ( 𝑁𝑒𝑠𝑡 − 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡 ) 
𝑛𝑒𝑤𝑁𝑒𝑠𝑡 = 𝑁𝑒𝑠𝑡 + 𝑠𝑡𝑒𝑝𝑠𝑖𝑧𝑒 

(30) 

Where 𝑁𝑒𝑠𝑡 is the current solution, 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡 is the best solution from 

the GWO algorithm, 𝛼 whose value is greater than 0 is the step size 
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Fig. 4. The flowchart of PSOGWO algorithm. 

parameter, 𝑟𝑎𝑛 𝑑 ( 𝑖 )( 𝑗) is a random number in the interval [-1,1] and 𝑆 is 

the step length. 

The main steps involved in the hybrid GWOCS are given in Fig. 5 

below: 

5. Results and discussion 

In this section, the optimal results of a standalone HRES for the 

Community Multimedia center in MAKENENE, Cameroon using PSO, 

PSOGWO, SCA and GWOCS techniques for various derating factor val- 

ues is presented. The meteorological data for the site used in this study 

were obtained National Aeronautics and Space Administration (NASA) 

(2010). MATLAB (2012b) was used to implement this work. For all the 

optimization techniques, the population size and the maximum number 

of iteration were taken as 50 and 100 respectively. We assume the in- 

flation and interest rate used are equal to 3.25%. Table 7 presents the 

constraint parameters used in this study: 

In this study, various scenarios were considered and are presented 

as follows: 

• Scenario 1: Hybrid system with PV, WT, Battery & DG 

• Scenario 2: Hybrid system with PV, Battery & WT 

Table 7 

Constraints parameters. 

Minimum value Maximum value 

𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 10 kW 25 kW 

𝑁 𝑤 5 10 turbines 

𝐴𝐷 1 3 days 

𝑁 𝑑𝑔 0 4 generators 

LPSP 0 % 5% 

• Scenario 3: Hybrid system with PV, Battery & DG 

• Scenario 4: Hybrid system with PV & DG 

• Scenario 5: Hybrid system with Battery & PV 

• Scenario 6: Hybrid system with Battery & DG 

• Scenario 7: System with DG only 

The optimal results for the PSO, PSOGWO, SCA and GWOCS algo- 

rithm for various values of derating factor and for the various scenarios 

are presented in Tables 8 , 9 , 10 and 11 . 
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Fig. 5. The flowchart of GWOCS algorithm. 

5.1. Effect of the derating factor values on the cost of electricity (COE) 

From Tables 8-11 above, it can generally be seen that the COE of 

the seven scenarios decreases as the value of the derating factor is in- 

creasing, for all the four optimization techniques, which are PSO, SCA, 

PSOGWO and GWOCS. In what follows, a thorough analysis of scenario 

3 is done. 

When 𝑓 𝑣 is 0.6, the optimal solution of the COE is 0.19335 

$/kWh, 0.19332 $/kWh, 0.19310 $/kWh and 0.19891 $/kWh for PSO, 

PSOGWO, GWOCS and SCA respectively as shown in Table 8 . When 𝑓 𝑣 
is 0.7 as shown in Table 9 , the optimal solution of the COE is 0.18201 

$/kWh, 0.17770 $/kWh, 0.17101 $/kWh and 0.17916 $/kWh for PSO, 

PSOGWO, GWOCS and SCA respectively. The difference in the value of 

the COE when the value of the derating factor increases from 0.6 to 

0.7 is 0.01134 $/kWh, 0.01562 $/kWh, 0.02209 $/kWh and 0.01975 

$/kWh for PSO, PSOGWO, GWOCS and SCA respectively. 

When 𝑓 𝑣 is 0.8, the optimal solution of the COE is 0.16717 

$/kWh, 0.16037 $/kWh, 0.15921 $/kWh and 0.17718 $/kWh for PSO, 

PSOGWO, GWOCS and SCA respectively as shown in Table 10 . When 𝑓 𝑣 
is 0.9 as shown in Table 11 , the optimal solution of the COE is 0.16133 

$/kWh, 0.15921 $/kWh, 0.15913 $/kWh and 0.15921 $/kWh for PSO, 

PSOGWO, GWOCS and SCA respectively. The difference in the value of 

the COE when the value of the derating factor increases from 0.8 to 

0.9 is 0.00584 $/kWh, 0.00116 $/kWh, 0.00008 $/kWh and 0.01797 

$/kWh for PSO, PSOGWO, GWOCS and SCA respectively. The difference 

in the value of COE when the derating factor increases from 0.6 to 0.7 is 

less compared to the difference when the derating factor increases from 

0.8 to 0.9. This shows that COE is better for greater values of derating 

factor. 

From the above, it is clear that a better optimal system is achieved 

when the derating factor value is 0.9, showing the necessity of choosing 

a site with less dust, respecting the optimal tilt angle of the PV, installing 

the system in a naturally ventilated area and also to take into account 

meteorological uncertainty. 

The next subsection presents details of the optimal solutions obtained 

for the derating factor is 0.9. 

5.2. Optimal results for derating factor value 0.9 

The optimal results for the seven scenarios obtained using the four 

optimization techniques for deraing factor value 0.9, are presented in 

Table 11 above. 
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Table 8 

Optimal results for the various Scenarios for fv = 0.6. 

Scenarios Optimization techniques LPSP (%) NPC ($) COE ($/kWh) Emissions (kg/year) Renewable Fraction 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 (kW) 𝑁 𝑤 𝐴𝐷 𝑁 𝑑𝑔 

Scenario 1 PSO 0.003 74673.8145 0.25308 2.71788 0.996 25 7 1 1 

PSOGWO 0.003 72706.9150 0.24641 2.69561 0.996 23 6 1 1 

GWOCS 0.003 59404.0161 0.20133 2.30770 0.996 22 5 3 1 

SCA 0.003 61510.1398 0.20847 2.66135 0.996 23 6 3 1 

Scenario 2 PSO 0.045 61032.2886 0.20685 - 1 24 5 2 - 

PSOGWO 0.045 62839.6096 0.21297 - 1 24 5 2 

GWOCS 0.045 62849.5930 0.21301 - 1 24 5 2 

SCA 0.046 64805.0351 0.21963 - 1 24 5 2 

Scenario 3 PSO 0.003 57051.8344 0.19335 2.89377 0.998 24.5 - 2 1 

PSOGWO 0.003 57040.4217 0.19332 2.61409 0.998 24 - 2 2 

GWOCS 0.003 56976.0706 0.19310 2.60749 0.998 24 - 3 1 

SCA 0.003 58691.3182 0.19891 2.56761 0.998 24 - 3 1 

Scenario 4 PSO 0 750666.8783 2.54410 41117.54357 0.45 24 - - 2 

PSOGWO 0 571193.342 1.93585 34909.11575 0.45 24 - - 2 

GWOCS 0 554448.2832 1.87909 34538.81113 0.45 23 - - 2 

SCA 0 642513.9395 2.17756 37538.74681 0.45 25 - - 2 

Scenario 5 PSO 0.045 51907.6351 0.17592 - 1 24 - 2 - 

PSOGWO 0.047 51747.9005 0.17538 1 24.5 - 2 - 

GWOCS 0.045 51733.9493 0.17533 1 24.5 - 2 

SCA 0.045 51750.3112 0.17539 1 24.5 - 2 

Scenario 6 PSO 0.003 255657.1168 0.86645 23312.95122 0 - - 2 1 

PSOGWO 0.003 242221.7257 0.82092 22489.69249 0 - - 2 1 

GWOCS 0.003 240369.1947 0.81464 22489.69249 0 - - 2 1 

SCA 0.003 243824.3625 0.82635 22489.69249 0 - - 2 1 

Scenario 7 PSO 0 555420.9508 1.88239 37164.27006 0 - - - 2 

PSOGWO 0 512759.0116 1.73780 35615.69913 0 - - - 2 

GWOCS 0 508904.3031 1.72474 35449.33372 0 - - - 2 

SCA 0 563035.1023 1.90819 37478.60844 0 - - - 2 

Table 9 

Optimal results for the various Scenarios for fv = 0.7. 

Scenarios Optimization techniques LPSP (%) NPC ($) COE ($/kWh) Emissions (kg/year) Renewable Fraction 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 (kW) 𝑁 𝑤 𝐴𝐷 𝑁 𝑑𝑔 

Scenario 1 PSO 0.003 67306.5759 0.22811 4.48255 0.996 20 7 2 1 

PSOGWO 0.003 58284.5701 0.19753 2.44140 0.996 19 7 2 1 

GWOCS 0.003 57204.921 0.19387 2.36209 0.996 20 3 1 

SCA 0.003 58913.613 0.19967 3.24895 0.996 19 8 2 1 

Scenario 2 PSO 0.045 57443.4107 0.19468 1 24 5 2 - 

PSOGWO 0.045 57390.2378 0.19450 1 24 5 2 

GWOCS 0.045 57377.38 0.19446 1 24 5 2 

SCA 0.046 57404.1468 0.19455 1 24 5 2 

Scenario 3 PSO 0.003 53705.4617 0.18201 3.81461 0.998 21 - 2 1 

PSOGWO 0.003 52431.7599 0.17770 3.37710 0.998 21 - 2 1 

GWOCS 0.003 50459.9141 0.17101 3.27317 0.998 21 - 2 1 

SCA 0.003 52862.3182 0.17916 3.51970 0.998 21 - 3 1 

Scenario 4 PSO 0 571193.342 1.93585 34817.83308 0.45 23 - - 2 

PSOGWO 0 565739.342 1.91736 34909.11575 0.45 21 - - 2 

GWOCS 0 549919.843 1.86375 34909.11575 0.45 21 - - 2 

SCA 0 568438.7746 1.92651 34349.58938 0.45 23 - - 2 

Scenario 5 PSO 0.045 46296.8517 0.15691 - 1 21 - 2 - 

PSOGWO 0.045 46295.9726 0.15690 - 1 21 - 2 - 

GWOCS 0.045 46286.4747 0.15687 - 1 21 - 2 

SCA 0.046 46370.0774 0.15715 - 1 21 - 2 

Scenario 6 PSO 0.003 255657.1168 0.86645 23312.95122 0 - - 2 1 

PSOGWO 0.003 242221.7257 0.82092 22489.69249 0 - - 2 1 

GWOCS 0.003 240369.1947 0.81464 22489.69249 0 - - 2 1 

SCA 0.003 243824.3625 0.82635 22489.69249 0 - - 2 1 

Scenario 7 PSO 0 555420.9508 1.88239 37164.27006 0 - - - 2 

PSOGWO 0 512759.0116 1.73780 35615.69913 0 - - - 2 

GWOCS 0 508904.3031 1.72474 35449.33372 0 - - - 2 

SCA 0 563035.1023 1.90819 37478.60844 0 - - - 2 

5.2.1. Scenario 1 (PV, WT, Battery & DG) 

For this scenario, the hybrid system consists of PV, Wind, Battery 

and DG. From Table 11 , it is observed that the LPSP for PSO, PSOGWO, 

GWOCS and SCA is 0.003%. The COE and the NPC are 0.19660 $/kWh 

and 58007.8597 $ for PSO, 0.18314 $/kWh and 54038.3313 $ for 

PSOGWO, 0.17534 $/kWh and 51735.3795 $ for GWOCS, 0.19888 

$/kWh and 58681.3455 $ for SCA respectively. 

A comparative analysis of the COE and the NPC obtained using PSO, 

PSOGWO, GWOCS and SCA shows that the performance of GWOCS is 

better than PSOGWO, SCA and PSO. It is also observed that less GHG 

are emitted when using GWOCS. 

5.2.2. Scenario 2 (PV, Battery & WT) 

For this scenario, the system is made up of PV, Wind & Battery. 

Table 11 shows that the LPSP for PSO, PSOGWO, GWOCS and SCA is 

0.046%. The COE and the NPC are 0.17674 $/kWh and 52148.671 $ for 

PSO, 0.17605 $/kWh and 51946.2741 $ for PSOGWO, 0.17600 $/kWh 

and 51931.7733 $ for GWOCS, 0.17685 $/kWh and 52182.2881 $ for 
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Table 10 

Optimal results for the various Scenarios for fv = 0.8. 

Scenarios Optimization techniques LPSP (%) NPC ($) COE ($/kWh) Emissions (kg/year) Renewable Fraction 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 (kW) 𝑁 𝑤 𝐴𝐷 𝑁 𝑑𝑔 

Scenario 1 PSO 0.003 61288.8922 0.20772 5.76049 0.996 18 9 3 1 

PSOGWO 0.003 55019.2722 0.18647 3.30686 0.996 18 5 3 1 

GWOCS 0.003 54645.5999 0.18520 2.87566 0.996 18 9 3 1 

SCA 0.003 58913.6131 0.19967 2.44140 0.996 19 6 2 1 

Scenario 2 PSO 0.046 54167.6059 0.18358 - 1 18 6 2 - 

PSOGWO 0.046 53812.3719 0.18238 - 1 19 5 2 

GWOCS 0.046 52155.0194 0.17676 - 1 18 5 2 

SCA 0.046 53827.6052 0.18243 - 1 18 5 2 

Scenario 3 PSO 0.003 49325.9014 0.16717 3.23065 0.998 18 - 2 1 

PSOGWO 0.003 47319.4188 0.16037 3.00488 0.998 19 - 2 1 

GWOCS 0.003 46977.7599 0.15921 2.56761 0.998 20 - 3 1 

SCA 0.003 52278.0759 0.17718 3.82950 0.998 18 - 3 1 

Scenario 4 PSO 0 568438.7746 1.92651 34817.83308 0.45 22 - - 2 

PSOGWO 0 566845.3102 1.92111 34909.11575 0.45 21 - - 2 

GWOCS 0 550715.7795 1.86644 34382.9158 0.45 22 - - 2 

SCA 0 565739.3420 1.91736 35401.93711 0.45 22 - - 2 

Scenario 5 PSO 0.045 41042.8789 0.13910 - 1 18 - 2 - 

PSOGWO 0.046 41042.8569 0.13910 - 1 18 - 2 - 

GWOCS 0.045 40831.9512 0.13838 - 1 18 - 2 

SCA 0.046 41044.6526 0.13911 - 1 18 - 2 

Scenario 6 PSO 0.003 255657.1168 0.86645 23312.95122 0 - - 2 1 

PSOGWO 0.003 242221.7257 0.82092 22489.69249 0 - - 2 1 

GWOCS 0.003 240369.1947 0.81464 22489.69249 0 - - 2 1 

SCA 0.003 243824.3625 0.82635 22489.69249 0 - - 2 1 

Scenario 7 PSO 0 555420.9508 1.88239 37164.27006 0 - - - 2 

PSOGWO 0 512759.0116 1.73780 35615.69913 0 - - - 2 

GWOCS 0 508904.3031 1.72474 35449.33372 0 - - - 2 

SCA 0 563035.1023 1.90819 37478.60844 0 - - - 2 

Table 11 

Optimal results for the various Scenarios for fv = 0.9. 

Scenarios Optimization techniques LPSP (%) NPC ($) COE ($/kWh) Emissions (kg/year) Renewable Fraction 𝑃 𝑝𝑣 − 𝑟𝑎𝑡𝑒𝑑 (kW) 𝑁 𝑤 𝐴𝐷 𝑁 𝑑𝑔 

Scenario 1 PSO 0.003 58007.8597 0.19660 5.45366 0.996 16 8 3 1 

PSOGWO 0.003 54038.3313 0.18314 4.76404 0.996 16 8 2 1 

GWOCS 0.003 51735.3795 0.17534 2.34065 0.996 16 7 2 1 

SCA 0.003 58681.3455 0.19888 6.40548 0.996 16 8 3 1 

Scenario 2 PSO 0.046 52148.671 0.17674 - 1 18 6 2 - 

PSOGWO 0.046 51946.2745 0.17605 - 1 19 5 2 

GWOCS 0.046 51931.7733 0.17600 - 1 18 5 2 

SCA 0.046 52182.2881 0.17685 - 1 18 5 2 

Scenario 3 PSO 0.003 47602.7611 0.16133 3.52217 0.998 18 - 3 1 

PSOGWO 0.003 46977.7599 0.15921 2.96433 0.998 18 - 3 1 

GWOCS 0.003 46953.0485 0.15913 2.56761 0.998 18 - 3 1 

SCA 0.003 46977.7599 0.15921 2.96433 0.998 18 - 3 1 

Scenario 4 PSO 0 565739.342 1.91736 34817.83308 0.45 22 - - 2 

PSOGWO 0 549919.843 1.86375 34377.16782 0.45 21 - - 2 

GWOCS 0 543306.4506 1.84133 34349.58938 0.45 21 - - 2 

SCA 0 568438.7746 1.92651 34909.11575 0.45 22 - - 2 

Scenario 5 PSO 0.046 40878.1321 0.13854 - 1 18 - 2 - 

PSOGWO 0.046 40823.5853 0.13836 - 1 18 - 2 - 

GWOCS 0.046 37203.9635 0.12609 - 1 18 - 2 

SCA 0.046 40842.5629 0.13842 - 1 18 - 2 

Scenario 6 PSO 0.003 255657.1168 0.86645 23312.95122 0 - - 2 1 

PSOGWO 0.003 242221.7257 0.82092 22489.69249 0 - - 2 1 

GWOCS 0.003 240369.1947 0.81464 22489.69249 0 - - 2 1 

SCA 0.003 243824.3625 0.82635 22489.69249 0 - - 2 1 

Scenario 7 PSO 0 555420.9508 1.88239 37164.27006 0 - - - 2 

PSOGWO 0 512759.0116 1.73780 35615.69913 0 - - - 2 

GWOCS 0 508904.3031 1.72474 35449.33372 0 - - - 2 

SCA 0 563035.1023 1.90819 37478.60844 0 - - - 2 

SCA respectively. The Emission here is 0 because we assumed that the 

system which is mainly made of renewable resources does not emit when 

it is operating. 

A comparative analysis of the COE and the NPC obtained using PSO, 

PSOGWO, GWOCS and SCA shows that the efficient optimal configura- 

tion of the hybrid system is attained using GWOCS, that is it is better 

than PSOGWO, SCA and PSO. 

5.2.3. Scenario 3 (PV, Battery & DG) 

Here the system is made of PV, Battery and DG. The LPSP 

for PSO, PSOGWO, GWOCS and SCA is 0.003%. The COE and 

the NPC are 0.16133 $/kWh and 47602.7611 $ for PSO, 0.15921 

$/kWh and 46977.7599 $ for PSOGWO, 0.15913 $/kWh and 

46953.0485 $ for GWOCS, 0.15921 $/kWh and 46977.7599 $ for SCA 

respectively. 
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Fig. 6. Percentage of energy supplied by PV, Battery & DG in Scenario 3. 

A comparative analysis of the COE and the NPC obtained using PSO, 

PSOGWO, GWOCS and SCA shows that the efficient optimal configura- 

tion of the hybrid system is attained using GWOCS, that is it is better 

than PSOGWO, SCA and PSO. It is also observed that less GHG are emit- 

ted when using GWOCS. 

5.2.4. Scenario 4 (PV & DG) 

For this configuration, the LPSP for PSO, PSOGWO, GWOCS and 

SCA is 0% implying that the load is entirely satisfied. The COE and the 

NPC are 1.91736 $/kWh and 565739.342 $ for PSO, 1.86375 $/kWh 

and 549919.843 $ for PSOGWO, 1.84133 $/kWh and 543306.4506 $ 

for GWOCS, 1.92651 $/kWh and 568438.7746 $ for SCA respectively. 

Also, the optimal Emissions are 34817.83308 kg/year, 34377.16782 

kg/year, 34349.58938 kg/year and 34909.11575 kg/year when using 

PSO, PSOGWO, GWOCS and SCA respectively. 

A comparative analysis of the COE, the NPC and the Emission ob- 

tained using PSO, PSOGWO, GWOCS and SCA shows that the efficient 

optimal configuration of the hybrid system is attained using GWOCS, 

that is it is better than PSOGWO, SCA and PSO. It is also observed that 

less GHG are emitted when using GWOCS. 

5.2.5. Scenario 5 (PV & Battery) 

For this configuration, the LPSP for PSO, PSOGWO, GWOCS and 

SCA is 0.046% just as in scenario 2. The COE and the NPC are 0.13854 

$/kWh and 40878.1321 $ for PSO, 0.13836 $/kWh and 40823.5853 $ 

for PSOGWO, 0.12609 $/kWh and 37203.9635 $ for GWOCS, 0.13842 

$/kWh and 40842.5629 $ for SCA respectively. Just as in scenario 2, the 

Emission here is 0 because we assumed that the system which is mainly 

made of renewable resources does not emit when it is operating. 

A comparative analysis of the COE and the NPC obtained using PSO, 

PSOGWO, GWOCS and SCA shows that the efficient optimal configura- 

tion of the hybrid system is attained using GWOCS, that is it is better 

than PSOGWO, SCA and PSO. 

5.2.6. Scenario 6 (DG & Battery) 

Here the system is made of Battery and DG. The LPSP for PSO, 

PSOGWO, GWOCS and SCA is 0.003%. The COE and the NPC are 

0.86646 $/kWh and 255657.1168 $ for PSO, 0.82092 $/kWh and 

242221.7257 $ for PSOGWO, 0.81464 $/kWh and 240369.1947 $ for 

GWOCS, 0.82635 $/kWh and 243824.3625 $ for SCA respectively. 

Also, the optimal Emissions are 23312.95122 kg/year, 22489.69249 

kg/year, 22489.69249 kg/year and 22489.69249 kg/year when using 

PSO, PSOGWO, GWOCS and SCA respectively. 

Also a comparative analysis of the COE, the NPC and the Emission 

obtained using PSO, PSOGWO, GWOCS and SCA shows that the efficient 

optimal configuration of the hybrid system is attained using GWOCS, 

that is it is better than PSOGWO, SCA and PSO. 

5.2.7. Scenario 7 (DG only) 

Here the system is mainly made of diesel generators. The LPSP 

for PSO, PSOGWO, GWOCS and SCA is 0% implying that the load 

is entirely satisfied. The COE and the NPC are 1.88239 $/kWh and 

555420.9508 $ for PSO, 1.73780 $/kWh and 512759.3031 $ for 

PSOGWO, 1.72474 $/kWh and 508904.3031 $ for GWOCS, 1.90819 

$/kWh and 563035.1023 $ for SCA respectively. Also, the optimal Emis- 

sions are 37164.27006 kg/year, 35615.69913 kg/year, 37449.33372 

kg/year and 37478.60844 kg/year when using PSO, PSOGWO, GWOCS 

and SCA respectively. 

Once more, a comparative analysis of the COE, the NPC and the 

Emission obtained using PSO, PSOGWO, GWOCS and SCA shows that 

the efficient optimal configuration of the hybrid system is attained us- 

ing GWOCS, that is it is better than PSOGWO, SCA and PSO. It is also 

observed that less GHG are emitted when using GWOCS. 

Scenarios 4 and 7 are the only scenarios in which the load is entirely 

satisfied. Also these two have the highest cost of electricity (COE) and 

the highest Emission value implying that they are too costly and very 

harmful to the environment. 

Looking at Tables 8 , 9 , 10 and 11 , the values of LPSP obtained are 

0%, 0.003% and 0.045% which are all acceptable in developing coun- 

tries like Cameroon [37] . 

After the analysis made on the seven scenarios for derating factor 

value 0.9, Scenario 3 appears to be the most appropriate for the Com- 

munity Multimedia Centre because a small fraction of the load is unmet, 

the NPC and COE are relatively low and less quantity of GHG emitted 

compared to the other scenarios. 

Fig. 7. PV hourly output power for Scenario 3. 
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Fig. 8. Battery hourly power for Scenario 3. 

Fig. 9. Hourly DG power output for Scenario 3. 

Fig. 10. COE convergence for Scenario 3 with derating factor 0.9. 

The hourly power output from the PV, Battery and DG for Scenario 

3 when derating factor is 0.9 for GWOCS optimization technique are 

presented in Fig. 7 to 9 respectively. Fig. 6 presents a pie chart showing 

the percentages of power contribution of each component of the system 

in Scenario 3 and it is clear that is most of the power comes from PV 

and Battery. 

Fig. 10 and Fig. 11 present the convergence curves of COE and NPC 

respectively. It is noticed that convergence is achieved in less than 10 

iterations. This shows the good performance of the optimization tech- 

niques used in this study. 

5.3. Statistical analysis 

In this part, the worst and best values for each optimization tech- 

nique is shown in Table 12 and Table 13 . The other statistical parame- 

ters include the Mean value, the Standard Deviation (SD) value and the 
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Fig. 11. NPC convergence for Scenario 3 with derating factor 0.9. 

Table 12 

Statistical performance of the optimization techniques on NPC ($). 

Optimization technique Worst Best Mean SD Median 

GWOCS 49141.4494 46953.0485 46983.7799 3702.53331 46953.0485 

PSOGWO 56864.9756 46977.7599 47041.4687 60.2 46977.7599 

SCA 47579.7599 46977.7599 47100.0347 1013.7377 46977.7599 

PSO 66299.3455 47602.7611 48466.3871 433.099865 47602.7611 

Table 13 

Statistical performance of the optimization techniques on COE ($/kWh). 

Optimization technique Worst Best Mean SD Median 

GWOCS 0.16654647 0.15912971 0.15942638 0.01254834 0.15912971 

PSOGWO 0.19272246 0.15921346 0.15962786 0.0014607 0.15921346 

SCA 0.16741346 0.15921346 0.15929546 0.00343568 0.15921346 

PSO 0.22469671 0.16133166 0.1642586 0.00082 0.16133166 

Table 14 

Comparative results obtained for Scenario 3 (PV-DG-Battery). 

Country Daily energy demand (kWh/day) Application COE obtained ($/kWh) Optimization method Reference 

India(Indore) 7 Farmhouse 0.284 HOMER [42] 

India(Barwani) 110.6 Rural electrification 0.239472 GA [43] 

India(Barwani) 110.6 Rural electrification 0.237113 PSO [43] 

0.236427 BFPSO 

0.236098 TLBO 

Cameroon (Wum) 100 Rural electrification 

0.564 HOMER [44] 

Cameroon(Makenene) 50.22 Community Multimedia Center 0.16133 PSO 

Cameroon(Makenene) 50.22 Community Multimedia Center 0.15921 PSOGWO 

0.15913 GWOCS 

0.15921 SCA 

Median. This analysis is done for 10 executions of each optimization 

technique. 

The statistical performance of GWOCS, PSOGWO, SCA and PSO on 

NPC and COE is summarized in Table 12 and Table 13 respectively. This 

concerns Scenario 3 only. The standard deviation (SD) values obtained 

for GWOCS shows that it is more stable compared to other optimization 

techniques applied in this study. 

Table 14 presents some optimal results of the cost of electricity (COE) 

of Scenario 3 (PV-DG-Battery) using various optimization techniques. 

From this table, it can be seen that the COE of this configuration varies 

with the daily energy demand and the optimization technique used. It is 

clearly seen that COE results are better when using heuristic algorithms 

than when a software like HOMER is used. Other factors which could 

influence this COE are the economic indicators like inflation rate and 

discount rate of the country and the meteorological conditions notably 

the solar radiation prevailing in the region under study [45-46] . 

6. Conclusion 

In this paper, the optimal sizing of a standalone hybrid renewable 

energy system for a Community Multimedia center in MAKENENE, con- 

sidering the technical, economic and environmental aspects using PSO, 

PSOGWO, GWOCS, SCA optimization techniques is presented. Four val- 

ues of derating factors were used, that is 0.6, 0.7, 0.8 and 0.9; from this 

it was noticed that best results were achieved for derating factor value 

0.9. Seven Scenarios were considered for this study. In Scenarios 4 &7, 

the load is completely satisfied but the systems have the highest COE, 

NPC and Emission thus being less economic and more harmful to the 
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environment. Scenario 5 has the lowest COE and NPC but the load is 

not completely satisfied with 0.046% of LPSP which is with Scenario 2 

the highest of all the Scenarios. For Scenarios 1 & 3, the LPSP is 0.003% 

so a very negligible fraction of the load is not satisfied but the system 

in Scenario 1 is more expensive and emits much GHG than that in Sce- 

nario 3. For Scenario 3, the COE and the NPC for derating factor value 

0.9 are 0.16133 $/kWh and 47602.7611 $ for PSO, 0.15921 $/kWh 

and 46977.7599 $ for PSOGWO, 0.15913 $/kWh and 46953.0485 $ for 

GWOCS, 0.15921 $/kWh and 46977.7599 $ for SCA respectively. This 

shows that Scenario 3 is the only scenario where the load is almost com- 

pletely satisfied, the cost is relatively low and the environment is less 

hurt. It can therefore be concluded that, the system in Scenario 3 is the 

best for the Community Multimedia center. Also a comparative analysis 

of the performance of the four optimization techniques PSO, PSOGWO, 

GWOCS and SCA shows that the efficient optimal configuration of hy- 

brid system is attained using GWOCS. 

The outcomes of this study can serve as a guide for policy makers and 

investor for investment in renewable energy systems in Community Mul- 

timedia center in Cameroon as a whole. The best Scenario of this study 

is recommended because it is environmentally friendly due to the less 

TGE. In this work, only one town is used and it was not possible to get 

actual measured ground resource data recommended to achieve more 

realistic results of the viabilities of the various Scenarios. Equally, more 

government implication through the establishment of conducive poli- 

cies, regulations, incentives and funding mechanisms necessary for the 

promotion of the country’s renewable energy sector is recommended. 

Future work would include actual ground resource data to achieve 

more realistic results. Also, we are going to include other towns in differ- 

ent climatic zones of the country. This will help us to define for each cli- 

matic zone, the best configuration. We are equally going to include other 

renewable energy resources like small hydroelectricity, biomass and in- 

crease the number of Scenarios. A feasibility study on the possibility to 

include fuel cells in a hybrid renewable energy system in the country 

will be carried out in future works. Future works shall equally include 

multi-objective optimizations approach and new techniques shall also 

be experimented. 
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